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Abstract

The increasing integration of renewable energy sources and the electrification
of mobility, heating, and industry increase the complexity of power system op-
eration and control. Microgrids have emerged as a promising concept to address
this complexity by enabling the coordinated integration of distributed energy
resources within well-defined subsystems. While conventional microgrids are
typically based on Alternating Current (AC) architectures, the inherent Direct
Current (DC) nature of emerging technologies, such as Photovoltaic (PV) sys-
tems, Battery Energy Storage Systems (BESSs), and Electric Vehicles (EVs),
makes DC microgrids an efficient and flexible alternative, offering higher ef-
ficiency and reduced system complexity. However, the control of DC micro-
grids interconnected with AC systems, or hybrid AC/DC microgrids, remains
an open research challenge, particularly when aiming for decentralized and
communication-free operation.

This dissertation presents a novel State-of-Grid (SoG)-based control frame-
work for hybrid AC/DC microgrids, enabling decentralized, communication-
free State-of-Charge (SoC) balancing, coordinated power sharing, and grid-
supportive behavior under realistic operating conditions. The proposed approach
projects the energy states of distributed storage units into observable local grid
quantities, specifically, voltage and frequency, and utilizes these signals to co-
ordinate power sharing and SoC balancing among BESSs, without requiring
explicit communication.

Building on this foundation, the SoG concept is extended to incorporate ancil-
lary services. A SoG-based Virtual Synchronous Machine (VSM) is introduced
to provide inertia and frequency support in the AC domain, with the SoC state
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dynamically modulating the power reference. In parallel, the concept of Grid-
Supportive Loads (GSLs) is developed to enhance voltage stability on the DC
side. These ZIP-modeled loads autonomously adjust their power consumption
in response to local voltage deviations and employ an energy-aware restoration
strategy to preserve system balance.

The stability of the proposed control strategies is analyzed using Lyapunov
methods and Singular Perturbation Theory. Experimental validation is con-
ducted in the Smart2DC microgrid laboratory, established as part of this dis-
sertation. Four representative scenarios are examined: islanded DC operation,
cross-domain SoC balancing, virtual inertia provision, and the interaction of
SoG-controlled storage units with GSLs.

The results demonstrate that the proposed framework achieves reliable SoC
equalization, stable voltage and frequency regulation, and robust operation even
under heterogeneous storage capacities, line asymmetries, and dynamic load
profiles, all without relying on communication infrastructure. The methods
developed in this dissertation establish a practical foundation for autonomous,
resilient microgrids and demonstrate their viability under realistic operating
conditions.

ii



Kurzfassung

Die zunehmende Integration erneuerbarer Energien sowie die Elektrifizierung
von Mobilitit, Wiarme und Industrie erhohen die Komplexitit des Betriebs und
der Regelung elektrischer Energiesysteme. Microgrids haben sich als vielver-
sprechendes Konzept etabliert, um dieser Komplexitit zu begegnen, indem sie
die koordinierte Einbindung verteilter Energieressourcen in klar abgegrenzten
Teilsystemen ermoglichen. Wihrend herkommliche Microgrids typischerweise
auf Wechselstrom (AC) Architekturen basieren, macht die inhdrente Gleich-
strom (DC) Natur wesentlicher Technologien wie Photovoltaikanlagen, Batter-
iespeicher und Elektrofahrzeuge DC-Microgrids zu einer effizienten und flexi-
blen Alternative mit h6heren Wirkungsgraden und reduziertem Systemaufwand.
Die Regelung von DC-Microgrids, die mit AC-Systemen gekoppelt sind, also
hybriden AC/DC-Microgrids, stellt jedoch nach wie vor eine offene Forschungs-
frage dar, insbesondere wenn eine dezentrale und kommunikationsfreie Be-
triebsweise angestrebt wird. Diese Dissertation stellt ein neuartiges State-of-
Grid (SoG)-basiertes Regelungskonzept fiir hybride AC/DC-Microgrids vor,
das dezentrale, kommunikationsfreie State-of-Charge (SoC)-Balancierung, ko-
ordinierte Lastaufteilung und netzstiitzendes Verhalten unter realistischen Be-
triebsbedingungen ermoglicht. Der Ansatz projiziert die Energiezustinde der
verteilten Speichereinheiten in lokal messbare Netzgrofien, konkret in Spannung
und Frequenz, und nutzt diese Signale, um die Leistungsaufteilung und SoC-
Balancierung der Batterien ohne explizite Kommunikation zu koordinieren.

Das SoG-Konzept wird erweitert, indem das SoG-Signal iiber den Interlink-
Wandler in die Frequenz des AC-Netzes eingebettet wird. Dadurch wird eine
SoC-Balancierung iiber beide Dominen hinweg ermoglicht und gleichzeitig
virtuelle Tragheit in das AC-Subsystem integriert. Zusitzlich wird das Konzept

il
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der Grid-Supportive Loads (GSLs) eingefiihrt, die lokale Spannungssignale
nutzen, um den DC-Bus bei transienten Stdrungen zu stabilisieren.

Die Stabilitit der vorgeschlagenen Regelungsstrategien wird mithilfe von Ly-
apunov-Methoden und der Theorie singuldrer Storungen analytisch unter-
sucht. Thre Robustheit wird experimentell in einem eigens fiir diese Ar-
beit etablierten DC-Microgrid-Labor validiert. Die Validierung umfasst vier
reprisentative Szenarien: Inselbetrieb des DC-Netzes, domineniibergreifende
SoC-Balancierung, Bereitstellung virtueller Trigheit und koordinierte Interak-
tion von SoG-gesteuerten Speichern und GSLs.

Die Ergebnisse zeigen, dass das SoG-basierte Konzept eine schnelle und zu-
verldssige SoC-Angleichung, stabile Spannungs- und Frequenzregelung sowie
eine Resilienz gegeniiber heterogenen Speicherkapazititen, asymmetrischen
Leitungsimpedanzen und dynamischen Last- und Erzeugungsprofilen ermog-
licht, und das ohne Kommunikationsinfrastruktur.

Abschliefend werden mogliche zukiinftige Forschungsrichtungen aufgezeigt,
darunter die Integration einer tertidaren Regelungsebene, adaptive Parameteran-
passung und die Erweiterung des Konzepts auf vermaschte und niederimpedante
AC-Netze.

iv
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1 Introduction

1.1 Background and Motivation

In response to the growing impacts of climate change and the finite nature of
fossil fuel reserves, the large-scale integration of Renewable Energy Sources
(RESs) has become a strategic priority across academia, industry, and policy-
making institutions [1, 2]. Fossil resources, such as coal, oil, and gas, store
solar energy accumulated over geological timescales, but are available only in
limited quantities and cannot be replenished within human time horizons [2].
Ongoing reliance on fossil fuels not only reinforces resource scarcity but also
poses a significant risk to the long-term security of energy supply for future
generations.

While renewables already met 54.4 % of Germany’s electricity demand in 2024,
their share of total primary energy! amounted to only 22.4 % [3]. Meeting
global climate goals, most notably the Paris Agreement’s objective of climate
neutrality by 2050 [4, 5], therefore requires a decisive expansion of renewable
generation but also a systemic transformation of energy usage across all sectors.
This includes the electrification of mobility, heating, and industrial processes,
collectively captured by the vision of an all-electric society [6]. Realizing this
transformation necessitates not only greater renewable capacity to meet increas-
ing electric demand, such as from electric vehicles and heat pumps, but also

I Primary energy includes all energy content before conversion, such as crude oil, sunlight, or

wind, and covers electricity, heat, and fuels [3].
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innovative concepts to address structural challenges, including the decentraliza-
tion and diversification of actors (e.g., prosumers and distributed generators) [7].

A promising response to these structural and operational challenges is the de-
ployment of microgrids. First introduced in [8] and defined by CIGRE as “elec-
tricity distribution systems containing loads and distributed energy resources
(such as generators, storage devices or controllable loads) that can be operated
in a controlled, coordinated way either while connected to the main power
network or while islanded” [9], microgrids facilitate coordinated operation of
distributed resources.

By the late 19th century, Alternating Current (AC) established itself as the domi-
nant standard for electrical power transmission, primarily due to the relative ease
with which its voltage levels could be transformed using transformers [10, 11].
Over the following decades, AC grids have achieved a high level of technolog-
ical maturity. Their widespread deployment is supported by a globally estab-
lished infrastructure, inherent compatibility with conventional grid topologies
and loads, and robust protection mechanisms, such as residual current circuit
breakers and grid protection relays, that ensure reliable and cost-efficient oper-
ation [12]. These factors form the foundation for the scalability and continued
dominance of AC-based microgrids and distribution systems.

Recent advances in power electronic converters and energy storage technolo-
gies have sparked a renewed interest in Direct Current (DC). Modern semi-
conductor devices and sophisticated control strategies have largely overcome
DC’s limitations related to voltage transformation and switching [13, 14]. At
the same time, an increasing prevalence of decentralized components, such as
Photovoltaics (PVs), Battery Energy Storage Systems (BESSs), Electric Ve-
hicles (EVs), and modern electronic loads, operate inherently in DC. Recent
advances in power electronic interfaces and the increasing use of DC-native
technologies have renewed the interest in DC microgrids as an efficient system
architecture [13, 14, 15, 16, 17, 18].

The following list summarizes advantages of DC microgrids as typically re-
ported in the literature [13, 19, 20, 21].
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Advantages of DC Microgrids

* Reduced energy losses and costs
By directly connecting sources, storage systems, and loads, DC micro-
grids eliminate unnecessary power conversion stages. The structural dif-
ferences in energy conversion paths between AC and DC microgrids are
illustrated in Figure 1.1. This improves overall efficiency while reducing
both converter investment and long-term maintenance costs.

* More efficient conductor utilization

Unlike AC, DC current flows uniformly across the full conductor cross-
section, avoiding the skin effect?. In addition, corona losses’ are reduced
due to the constant electric field. Furthermore, as no reactive power flows
are required in DC systems, conductor capacity can be fully utilized for
active power transmission. Together, these effects can approach up to
150 % higher ampacity with less material, improving both energetic and
economic efficiency.

* Lower electromagnetic interference
Minimizing the number of AC/DC conversions reduces electromagnetic
emissions, thereby simplifying interference suppression and enhancing
electromagnetic compatibility.

* Improved integration of electric mobility
Supplying EV charging stations directly from DC microgrids simpli-
fies the charging infrastructure by reducing the number of required
conversion stages. Beyond efficiency gains, this enables more compact
and lightweight charger designs, eases bidirectional energy exchange for

The skin effect refers to the tendency of alternating current to concentrate near the surface of
a conductor, effectively reducing the usable cross-sectional area and increasing resistance at
higher frequencies [21].

Corona losses arise from the ionization of air around a conductor subjected to a rapidly varying
electric field, as in AC systems. In DC systems, the steady electric field leads to significantly
lower ionization and energy loss [20].
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Vehicle-to-Grid (V2G) applications, and facilitates the large-scale de-
ployment of fast-charging stations. These features make DC microgrids
particularly well-suited for supporting widespread e-mobility integration.

e Simplified energy recuperation
Regenerative braking and other forms of energy recovery can be more
easily managed in DC systems, since the direct energy flow avoids syn-
chronization issues and allows straightforward reinjection into local stor-
age.

¢ Reduced control complexity
The absence of frequency dynamics, reactive power flow, and pronounced
harmonic distortion in DC systems simplifies control requirements and
reduces overall system complexity.

AC microgrid : : DC microgrid

Eﬂg %%%
v dnel

(a) AC microgrid scheme (b) DC microgrid scheme

Figure 1.1: Comparison between AC and DC microgrids, illustrating reduced conversion stages in
DC systems and their potential benefits for scalable integration of distributed resources.

Challenges and Limitations

Despite their compelling advantages, DC microgrids also present notable chal-
lenges that must be addressed before widespread adoption becomes feasible.
Key challenges include:
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* Higher requirements for power electronics and control
Unlike AC systems, DC microgrids lack natural current zero-crossings,
which complicates protection design and fault current interruption. The
coordination of power electronic converters requires precise control
schemes and often higher controller bandwidths. This can increase the
cost and complexity of converter hardware, including larger DC-link
capacitors and more sophisticated protection mechanisms [19].

* Absence of standardized regulations and protection schemes
While AC systems benefit from decades of standardization and well-
established safety protocols, DC systems still lack harmonized grid codes
and universal protection concepts. This regulatory uncertainty can slow
down deployment and complicate integration with existing infrastruc-
ture [22].

* Limited compatibility with legacy infrastructure
Most existing infrastructure is designed for AC operation. Retrofitting or
hybridizing legacy systems for partial or full DC operation can introduce
substantial engineering and economic challenges [13].

Beyond these structural and regulatory aspects, DC microgrids must meet core
operational requirements: stable regulation of the DC-bus voltage, balanced
power sharing among distributed resources, State-of-Charge (SoC) balancing in
BESSs, and seamless coupling with AC grids. DC microgrids do not only oper-
ate in isolation and can be interconnected with AC grids, forming hybrid AC/DC
microgrids. This hybrid structure enables coordinated operation of distributed
resources across domains but also introduces specific control challenges that
go beyond the individual AC or DC systems. Consequently, control strategies
that enable coordinated and cross-domain operation are gaining increasing im-
portance [23]. Throughout this dissertation, the term "DC microgrid" refers to
DC-based subsystems that can be physically or functionally connected to AC
infrastructure, unless stated otherwise.
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At the same time, the ongoing displacement of large-scale synchronous gen-
erators, whose rotational inertia contributes significantly to system stability,
leads to increased frequency volatility in AC transmission systems [24]. To
mitigate the resulting loss of inertia, modern power systems increasingly rely
on inverter-based generation and storage units that are capable of providing
frequency support functions [25].

With the increasing integration of DC microgrids into AC power systems, their
potential to contribute to overall system stability becomes more significant. Ad-
dressing this potential requires control approaches that enable stable, efficient,
and coordinated operation across AC and DC domains.

Centralized control architectures are based on wide-area communication net-
works, making them costly to implement and more vulnerable to cyberat-
tacks [26]. As an alternative, decentralized and communication-free strategies
avoid these communication-related drawbacks, thereby lowering implementa-
tion complexity and enhancing overall reliability [27].

While numerous decentralized and communication-free control strategies have
been reported in the literature, they typically address specific control objectives
in isolation, such as DC bus voltage regulation, power sharing, SoC balanc-
ing, or AC-side frequency support. Approaches that explicitly coordinate these
objectives within a unified control framework and simultaneously consider in-
teractions between AC and DC subsystems are less frequently addressed in
existing decentralized control concepts, as discussed in Section 2.4.

The present dissertation develops and validates an integrated, communication-
free control concept for hybrid AC/DC microgrids. The concept coordinates SoC
balancing, voltage regulation, and power sharing across AC and DC subsystems
based solely on local measurements. It provides a unified formulation that
implements these functions within a single framework and substantiates them
through structured stability analysis and experimental validation.
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1.2 Research Objectives

To address the previously identified challenges and the associated research gap,

this dissertation pursues the following objectives:

1.

Advanced decentralized control methods for DC microgrids: Design
and implementation of decentralized, communication-free control strate-
gies for DC microgrids that ensure accurate voltage regulation, efficient
power sharing, and system-wide SoC balancing across both AC- and
DC-connected storage systems.

Cooperative interaction strategies between DC and AC microgrids:
Development of novel strategies that enable coordinated energy exchange
between DC and AC subsystems. This includes the provision of grid-
supportive services, such as frequency support and virtual inertia from
DC-connected resources.

. Grid-Supportive Loads (GSLs) for enhanced network stability: De-

sign of decentralized demand-side control mechanisms through which
loads contribute to voltage stability and improved dynamic performance
in DC microgrids.

. Stability analysis of DC microgrids: Conducting a comprehensive sta-

bility analysis that addresses both small-signal disturbances and nonlinear
dynamic behavior, with the objective of establishing a theoretical foun-
dation for stable operation under realistic conditions.

. Laboratory demonstration for experimental validation: Design and

implementation of a laboratory-scale DC microgrid for realistic validation
of the proposed control concepts under practical operating conditions.
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1.3 Summary of Scientific Contributions

Based on the objectives outlined above, this dissertation makes the following
scientific contributions to the field of decentralized control and stability of
hybrid AC/DC microgrids:

1. Introduction of the State-of-Grid (SoG) concept for decentralized
SoC balancing and AC/DC coupling: This dissertation introduces the
SoG concept as a communication-free control framework for autonomous
power flow regulation and SoC balancing in DC microgrids. Inspired
by the physical principle of communicating vessels, the SoG approach
leverages local voltage or frequency deviations to represent the global
energy state of the system. This enables self-organizing coordination of
distributed BESSs without central control or explicit communication.
Furthermore, the method facilitates seamless coupling between DC and
AC grids by using small frequency deviations in the AC domain to im-
plicitly signal energy surpluses or deficits. The underlying concepts and
experimental validations have been published in [J1] and [J7].

2. Development and implementation of SoG-based frequency support
and virtual inertia: Building on the SoG concept, a method is developed
for frequency-dependent power provision in which the SoC of the DC
microgrid directly influences the inertia and frequency support behavior
of a Virtual Synchronous Machine (VSM) model. The SoG value is
computed in real-time and used to adapt the power reference dynamically.
This enables enhanced frequency support during high SoC conditions,
while preventing excessive battery discharge under low SoC conditions.
The corresponding results have been published in [J2].

3. Decentralized control of GSL: A novel control method for so-called
GSL is proposed, in which constant Impedance / Current / Power (ZIP)-
type loads actively support voltage stability based on local voltage
measurements. The control is fully decentralized and operates with-
out any communication infrastructure. By implementing adaptive voltage
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references and an energy-aware restoration strategy, the method im-
proves system stability. The corresponding results have been published
in [J3], [C3], [C5], and [CT7].

4. Stability analysis of the proposed control strategies: Comprehensive
stability proofs are provided for all proposed control methods, employing
both linear and nonlinear analysis techniques. Depending on the system
structure, Lyapunov-based methods and Singular Perturbation Theory
are applied. The results confirm local and partially semiglobal stability
under realistic operating conditions and form the theoretical foundation
for robust practical implementation. The corresponding results have been
published in [J1].

5. Experimental validation and structured evaluation methodology in
the Smart2DC laboratory: As part of the present work, the Smart2DC
laboratory is established as a real-world DC microgrid test environment.
Beyond the testbed itself, a structured and reproducible testing method-
ology is introduced, including quantitative performance metrics and a
consistent scenario design aligned with practical microgrid requirements
(Section 5.2). The setup comprises physical power electronic converters,
distributed battery systems, and controllable loads, enabling the imple-
mentation and validation of all proposed control strategies under realistic
power flow conditions. Key functions, such as SoG-based coordination,
VSM-based frequency support, and the control of GSLs, are tested in
scenarios including load transients, battery plug-and-play events, and PV
variability. The results demonstrate the practical feasibility, robustness,
and scalability of the proposed methods. The detailed description of
the laboratory setup is published in [C8]. All experimental datasets and
MATLAB® scripts required to reproduce the figures in Chapter 5 are
published in [D1].

Together, these contributions provide a unified and experimentally validated
control method for decentralized, communication-free control of hybrid AC/DC
microgrids. The developed methods enable power sharing, decentralized SoC
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balancing across hybrid AC/DC microgrids, frequency support, and demand-
side grid services, while operating entirely without explicit data exchange.
By combining theoretical analysis with real-world implementation, this work
advances the state-of-the-art in resilient microgrid control.

1.4 Structure of the Dissertation

This dissertation is structured into six chapters. Figure 1.2 provides a the-
matic overview of the structure and highlights the scientific publications asso-
ciated with selected sections. The core chapters distinguish between system-
level strategies, including SoC balancing and SoG-based coordination, and
component-level approaches, such as ancillary services enabled by VSM imple-
mentations and GSL control. The vertical flow reflects the logical progression
from foundational modeling and theoretical development, through control de-
sign and stability analysis, to experimental validation. While the figure does
not represent the full chapter hierarchy, it serves as a conceptual map linking
the core contributions and their interrelations. Symbols placed next to each
content block indicate the type of scientific publication that contributed to the
respective section: J for journal articles, C for conference papers, and D for data
publications.

Chapter 1 provides the motivation for investigating DC microgrids. It outlines
the research problem, defines the specific research objectives, and concludes
with a summary of the key scientific contributions of this work.

Chapter 2 provides an overview of the technical background and current state
of research relevant to this work. The chapter then introduces essential system
components, including BESSs, RESs, and the most commonly used converter
topologies, followed by a discussion of system-level aspects such as grid in-
tegration and operational coordination. Finally, the chapter critically evaluates
existing control approaches with respect to voltage regulation, power sharing,

10
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Figure 1.2: Thematic structure of the dissertation and associated scientific publications. The dia-
gram illustrates the logical flow of the work and the core research domains, comprising
system-level control strategies (gray), component-level control methods (blue), and
experimental validation. It serves as a simplified overview and does not reflect the
full chapter hierarchy. The symbols indicate the type of scientific publication (journal,
conference, or data) associated with each section.

SoC balancing, and AC-DC interaction, thereby identifying key limitations and
open research questions addressed in this dissertation.

Chapter 3 presents the development of a SoG-based control method for au-
tonomous SoC balancing and system-wide energy coordination in and between
DC and AC microgrids. The chapter begins by introducing the underlying phys-
ical principles and formally derives decentralized SoC and SoG mappings based
solely on local voltage or frequency measurements. It then analyzes the control

effect within representative system configurations and evaluates the method’s
stability and scalability. The chapter concludes with practical considerations

11
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regarding tuning parameters, dynamic behavior, and possible extensions of the
approach.

Chapter 4 builds on the SoG control method and introduces two advanced
strategies to enhance grid support capabilities: a SoG-based VSM for adaptive
frequency support in AC microgrids and a decentralized control scheme for
GSL that actively contributes to DC voltage stability. The chapter presents the
control design of both methods, analyzes their local stability, and discusses their
interplay with the overarching SoG concept.

Chapter 5 presents the experimental validation of the proposed control strate-
gies using the Smart2DC laboratory established as part of this dissertation. The
chapter outlines the testbed architecture and experimental methodology. It then
discusses selected validation scenarios, such as islanded operation, AC/DC cou-
pling, virtual inertia, and demand-side support, to verify the functionality of the
decentralized control approaches under realistic conditions. The experimental
results are complemented by an evaluation of system performance, focusing on
feasibility, stability, and identified limitations.

Finally, Chapter 6 summarizes the contributions of this dissertation, offer-
ing critical reflections on the developed control methods in terms of practical
implementation and system-level impact. The chapter discusses the methods’
relevance to the future low-inertia power systems, identifies current limitations,
and highlights promising avenues for further research into the decentralized,
communication-free operation of hybrid AC/DC microgrids.

Appendix A provides supplementary material that complements the main chap-
ters. It includes detailed derivations, control diagrams, implementation-related
information relevant for reproducibility and technical transparency.

12
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the Art

This chapter provides an overview of the theoretical background and selected
state-of-the-art concepts relevant to hybrid AC/DC microgrid control, with a
particular focus on the background most relevant to the contributions of this
dissertation. Section 2.1 introduces the microgrid architecture employed in this
dissertation, along with a taxonomic classification of the control approach. This
classification defines the conceptual framework within which all subsequent
control strategies operate. Section 2.2 then describes the key components of the
system. Building on this foundation, Section 2.3 analyzes the principal control
challenges specific to DC microgrids, including bus voltage regulation, load
sharing, SoC balancing, stability considerations, and the coupling to an AC
grid. A critical review of existing approaches is presented in Section 2.4, where
current approaches are evaluated in terms of methodology, communication
requirements, and structural limitations, thereby identifying remaining research
gaps. Finally, Section 2.5 synthesizes the preceding analysis and states the
research questions together with the contributions of this dissertation.

2.1 Architectural Concepts and Control
Classification in DC Microgrids

The implemented DC microgrid in this dissertation adopts a non-isolated single-
bus topology, which is one of the most common configurations for low-voltage
systems due to its simplicity and compatibility with commercially available

13
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converter modules [28, 29]. In this structure, all major components, includ-
ing BESSs, controllable loads, and PVs, as well as the AC grid interface are
connected to a common DC-bus via appropriate power electronic converters
(e.g., DC/DC, DC/AC), as illustrated in the conceptual architecture shown in
Figure 1.1(b). The detailed electrical implementation of this topology is pro-
vided in Figure 2.1. A more detailed discussion of the components presented in
Figure 2.1 is provided in Section 2.2.
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Figure 2.1: Electrical circuit of the experimental DC microgrid setup. The system comprises two
BESS units, two controllable loads, a PV generator, and a grid-connected Interlink
Converter (IC). All converters are connected to a common DC-bus, forming a non-
isolated, bus-based topology used for experimental validation. Adapted from [J1].

Alternative DC microgrid topologies, such as ring, zonal, or multibus con-
figurations, offer higher operational flexibility and fault tolerance by enabling
reconfiguration or sectional isolation [28]. These benefits come at the cost of
higher complexity in protection coordination and increased hardware require-
ments. For example, zonal architectures [28] allow for localized fault clearing
but require additional switching and control logic. In contrast, the shared-bus

14



2.1 Architectural Concepts and Control Classification in DC Microgrids

topology adopted in this dissertation represents a compromise favoring im-
plementation simplicity and applicability in compact, low-voltage laboratory
environments.

Beyond the physical structure, DC microgrids are often classified by their control
architecture as centralized, distributed, or decentralized [30]. These paradigms
differ fundamentally with respect to communication requirements, coordination
capabilities, and scalability. Figure 2.2 illustrates the associated information
flows.

- Cemml Controller [« — ¢ ‘Conuoller *{ Controller ‘% *‘ Conlrol]er ‘ Conlroller ‘ Conlroller ‘CO"UO”SI

(a) Centralized Control (b) Distributed Control (¢) Decentralized Control

Figure 2.2: Comparison of control architectures in microgrids. (a) Centralized: a single supervi-
sory controller manages all units using global information. (b) Distributed: individual
units operate autonomously, coordinated via limited peer-to-peer communication. (c)
Decentralized: units act solely based on local measurements, without explicit commu-
nication.

In addition to this classification, microgrid control can be interpreted from a
hierarchical point of view. Although this structure is originally developed in the
context of AC microgrids, it is equally applicable to DC systems. The absence
of frequency dynamics in DC grids, however, alters the formulation of certain
control tasks. The hierarchy is commonly divided into three levels [31]:

e Primary control (local): Ensures voltage and current regulation at the
converter level, often implemented via droop control or local Proportional-
Integral (PI) loops.

* Secondary control (coordinated): Compensates deviations introduced
by primary control, such as voltage restoration or current balancing. It
typically requires communication and can act across multiple units.

15
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 Tertiary control (global): Optimizes power flows and economic dispatch
at the system level, including interactions with adjacent grids or upstream
utility.

AC-specific aspects of the hierarchical structure and their implications for
AC/DC coupling are discussed in Section 2.3.5.

At the converter level, voltage regulation is realized through a cascaded structure
with an inner current loop and an outer voltage loop that tracks the reference
voltage provided by the SoG controller (see Chapter 3). The general design con-
siderations for voltage control in DC microgrids are discussed in Section 2.4.1,
whereas the detailed implementation and tuning of the applied PI control loops
are documented in Appendix A.1.

While the physical and control architecture is intentionally simplified to enable
a focused validation of the proposed decentralized control methods, the overall
setup remains representative of practical low-voltage DC microgrids typically
encountered in residential or industrial environments.

2.2 Key Components of the Microgrid

DC microgrids can comprise a wide variety of components, depending on their
specific application and design objectives. In this section, the focus is placed on
those components that are relevant to the proposed concepts and experimental
validation conducted in the scope of this dissertation.

2.2.1 Photovoltaic Systems as Renewable Energy
Sources

PV systems are employed in the present dissertation as representative RES,

reflecting their growing relevance in low-voltage DC distribution grids. Their
high modularity, steadily declining costs, and DC output make them particularly
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well suited for integration into DC microgrid architectures [32, 33]. The output
of a PV module depends on irradiance, temperature, and angle of incidence,
making it intrinsically variable and non-dispatchable.

A widely used model to describe the electrical behavior of a PV module is the
single-diode equivalent circuit [34], shown in Figure 2.3(a). Due to its nonlinear
characteristics, the module exhibits a distinct Maximum Power Point (MPP),
which varies with environmental conditions and is illustrated in Figure 2.3(b).
To operate near this point, Maximum Power Point Tracking (MPPT) algorithms
are employed, typically by adjusting the reference voltage or duty cycle of a
DC/DC converter [35, 36, 37].

In this dissertation, a modified Perturb and Observe (P&O) algorithm is em-
ployed as the MPPT controller for the PV interface. Details of the algorithm
and its implementation are provided in Appendix A.2.
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(a) Single-diode equivalent circuit model of a PV (b) Current-voltage (I-V) and power-voltage (P-V)
module. The photo-generated current I3, flows characteristics of a PV module. The curves exhibit
through the nonlinear p-n junction (diode D) and is a distinct maximum power point Py, ,, defined by
affected by parasitic series (R ) and shunt (Rgp) the optimal operating voltage Vi, and current
resistances. The model captures the nonlinearity 11, which vary with irradiance and temperature.
of the I-V behavior under varying environmental

conditions.
Figure 2.3: Modeling and characteristic behavior of PV modules. Subfigure (a) shows the single-

diode equivalent circuit, while (b) illustrates the corresponding I-V and P-V curves
under standard operating conditions.
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2.2.2 Battery Energy Storage Systems

BESSs play a vital role in enabling the integration of RESs and enhancing
the stability of power systems [38, 39]. Among the various available tech-
nologies, BESSs are particularly widespread due to their high efficiency, fast
response times, and relatively low cost [40]. Lithium-ion batteries, in particu-
lar, have gained increasing importance owing to their rapidly declining capital
costs [41]. According to areport by the International Energy Agency (IEA) [42],
battery prices fell by approximately 90 % between 2010 and 2023, significantly
improving the economic viability of BESS for grid-scale applications.

In power systems, BESSs fulfill a wide range of functions, including the provi-
sion of ancillary services, peak shaving, and support for voltage and frequency
regulation. Most notably, they help mitigate the mismatch between generation
and consumption by storing surplus energy during periods of high PV generation
and releasing it during times of increased demand [43, 44].

In addition to stationary systems, EV batteries offer significant potential for
short-term grid support. Through bidirectional charging, also known as V2G,
these mobile units can feed energy back into the grid, enhancing flexibility and
enabling new forms of ancillary service provision [45].

Recent projections indicate that globally EV batteries will begin to play a
substantial role in grid balancing from around 2030 onward [46]. By 2050, the
technically available storage capacity of these mobile resources is expected to
reach between 32 TW h and 62 TW h, surpassing the projected global storage
demand of 3.4TWh to 19.2TW h [46]. A V2G participation rate between
12 % and 43 % would be sufficient to meet this demand. However, realizing
this potential at scale will require the implementation of supportive regulatory
frameworks and market incentives to promote widespread participation and
integration into power system operations [46].

A critical factor in the economic viability of BESSs, whether stationary or
vehicle-based, is their long-term cycle life. The key metric used to quantify
battery degradation is the State-of-Health (SoH), which reflects the remaining
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capacity and performance relative to the original specification [47, 48]. SoH
degradation is influenced by multiple operating conditions, including temper-
ature, the number of charge/discharge cycles, the charge rate (C-rate), and the
operating range of the SoC [49, 50]. The SoC represents the fraction of usable
energy relative to the total capacity and is typically expressed as a percentage.
Excessively high or low SoC levels or, equivalently, deep discharges acceler-
ate battery aging and reduce the SoH. Experimental studies have shown that
constraining the SoC to a moderate operating window, typically 20 % to 80 %
for stationary systems and 30 % to 80 % for EVs, significantly improves bat-
tery lifetime by limiting capacity fade [50]. The control challenges associated
with SoC regulation, particularly in multi-battery systems within interconnected
microgrids, are discussed in detail in Section 2.3.3 and Section 2.4.3.

In this dissertation, the SoC of each battery is estimated by Coulomb Counting,
a widely used method that integrates the charge and discharge currents over
time [47, 48]. With the discharge current defined as positive, the estimate
reads [51]

1 t
SOCi(t) = SOCO7i — 7\/ iB,;(T) dT, t Z to, (21)

QBi to
where SoCy ; denotes the initial SoC, @p; is the nominal capacity of battery ¢,
and ip,(t) is the battery current at time ¢. This estimate provides the basis for
the control and coordination strategies in Section 2.4.3 and Chapter 3.

2.2.3 Electrical Loads and ZIP Representation

Electrical loads are a fundamental component of any microgrid and play a deci-
sive role in shaping system dynamics, power flow, and control requirements. In
DC microgrids, a wide range of consumer devices, from household electronics
to EV chargers, are typically interfaced through power electronic converters.
These interfaces lead to diverse and often voltage-dependent load characteris-
tics, particularly under dynamic conditions.
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For control design and system-level simulations, loads are often approximated
by constant resistance models due to their simplicity and analytical tractability.
In this approach, the instantaneous power demand of each load is assumed to
be proportional to the square of its terminal voltage, as expressed by

V2,

Prai = 4%, (2.2)

Ryai
where V71,q; denotes the voltage at the terminal of load ¢, and Ry q; is its equiv-
alent resistance. While adequate for baseline studies, this formulation neglects
more complex voltage sensitivity observed in real-world loads [52].

To capture the voltage dependence of aggregated loads, the ZIP model represents
the steady-state active power as an additive combination of a constant-power (P)
term, a constant-current (I) term, and constant-impedance (Z) term [52], with

Vidi Viai \’
Prai = PP wp + wp o +wz( ﬁjm> , 2.3)
VLdi VLdi

where P denotes the nominal active power of load 7 at the nominal voltage
Vi, The coefficients wp, wr, wy € R are weighting factors associated with
constant-power (P), constant-current (I), and constant-impedance (Z) behavior,
respectively. Imposing wp + wy + wz = 1 normalizes the model such that
Pra;(V9r™) = PP, The ZIP model offers a compact empirical description
of how active power varies with voltage in a neighborhood of V{’{/. Outside
this range or under fast dynamics, device-specific models may be required.

Although the general system model in this dissertation primarily assumes resis-
tive loads as per Equation (2.2), the ZIP formulation is adopted in the context of
actively controlled GSLs. These voltage-responsive consumers are designed to
dynamically adapt their power consumption based on local measurements and
are modeled accordingly in Chapter 4.
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2.2.4 Power Electronic Converters as Grid Interface

Power electronic converters form the interface between sources, storage units,
loads, and the common bus in microgrids. They enable controlled bidirectional
power exchange and couple the AC and DC domains, thereby supporting flexible
and modular architectures [53, 54].

This dissertation focuses on two representative units: (i) a non-isolated bidirec-
tional DC/DC half-bridge operated in buck and boost modes and (ii) a three-
phase two-level voltage-source converter serving as the IC between the AC
and DC grids. The half-bridge is widely adopted due to its structural simplic-
ity, inherent bidirectionality, and suitability for both operating modes [55, 56];
broader overviews of converter families are available in [57, 58].

For tractable analysis, idealized averaged models in Continuous Conduction
Mode (CCM) are employed, neglecting switching delays, switching losses, and
parasitic elements such as line inductance and capacitance [55, 59]. Averaging
over one switching period yields continuous-time state-space models param-
eterized by the duty cycle d € [0, 1], which are used for control design and
stability analysis [53].
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(a) Bidirectional DC-DC converter (buck mode) (b) Bidirectional DC-DC converter (boost mode)

Figure 2.4: Circuit topologies of the bidirectional DC-DC converters used in this dissertation.
Subfigure (a) illustrates the buck mode, while (b) shows the boost mode. Both modes
share the same hardware and are activated depending on the power flow direction.
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2.2.4.1 Buck Converter

The DC/DC converter in buck operation reduces the input voltage to a lower
output level and is commonly used to supply low-voltage loads in DC micro-
grids [54, 53]. Under ideal components and CCM, switching-period averaging

yields
di 1
d—f = 7 (Viad = Vou) (2.4)
dV, 1 . .
— = (in = o), 2.5)

where d € [0, 1] is the duty cycle, Vi, and i1, denote input voltage and inductor
current, Vg, the output voltage, and 4., the load current.

In steady-state and under ideal assumptions, the buck relations are [53]

‘/out I in
=d Loyt = —.
‘/in ) out d

(2.6)

In practice, nonidealities and uncertainties (such as parasitics, switching and
conduction losses, dead time, and component tolerances) can reduce the ac-
curacy of the averaged model, particularly at low voltage levels. Despite such
nonidealities, the buck converter remains a core building block in DC micro-
grids due to its simplicity and efficiency. In this dissertation it steps the DC-bus
down to lower-voltage nodes, with a controller that provides voltage tracking
and dynamic current shaping; the design is detailed in Appendix A.1.

2.2.4.2 Boost Converter

The DC/DC converter operating in boost mode, also known as a step-up mode,
increases the output voltage above the input level [53]. This functionality is
particularly important for energy sources such as BESSs or PV modules, whose
terminal voltages often remain below the desired DC-bus voltage.
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The averaged state-space model under ideal CCM operation is given by [53]:

dir, 1

oI (Vin — Vow (1 — d)), 2.7
dVoy 1. )
o L. e (ip(1—d) —iout) (2.8)

where i;, denotes the inductor current, and d € [0, 1] the duty cycle, Vi, the
input voltage, V¢ the output voltage, and 7,4 denotes the output current.

The corresponding steady-state conversion ratios are [53]:

v 1
‘;‘" =1 douw=1In(1-d) (2.9)

While the theoretical gain becomes unbounded as d — 1, practical imple-
mentations are constrained by non-ideal effects. In particular boost inductor
resistance impose an upper bound on the conversion ratio. Operating near this
limit leads to elevated current stress, increased conduction losses, and ther-
mal challenges [54, 56]. As a result, practical voltage gains range between one
and five. In this dissertation, the voltage levels are selected such that the re-
quired boost ratio remains below two. These models are well established in
the literature [53, 56] and serve as a foundational framework for developing
control strategies that enhance the converter’s dynamic behavior. The cascaded
control architecture implemented in this dissertation is described in detail in
Appendix A.1.

2.2.4.3 Three-Phase Two-Level Interlink Converter

To enable controlled energy exchange between the DC microgrid and the AC
utility grid, a conventional three-phase two-level converter is employed as the
IC. This topology is widely adopted in hybrid AC/DC systems due to its maturity
and inherent bidirectional power capability [53, 60].
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The converter consists of three half-bridge legs connected to a split DC-link, as
illustrated in Figure 2.5. Two series-connected capacitors establish a midpoint
potential, which is grounded to reduce common-mode voltage and improve
electromagnetic compatibility [61, 62]. Each phase leg includes two actively
controlled switches, enabling Pulse-Width Modulation (PWM) for precise con-
trol of the converter output voltages.
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Figure 2.5: Three-phase two-level interlink converter topology. The converter consists of six Silicon
Carbide (SiC)-based switching legs with antiparallel diodes, connected to a split DC-
link capacitor C'ysc. Each phase is interfaced with the AC grid via an output inductor
L;. This topology is used for active power exchange and AC grid support in hybrid
microgrid systems.

This converter serves as the central interface for coupling the AC and DC
domains throughout this dissertation. Its control design is discussed in Sec-
tion 2.4.4. The underlying modeling approach based on dg transformation is
detailed in Appendix A.3, while the complete control structure is presented in
Appendix A.5.

2.3 Control Challenges in DC Microgrids

Building on the motivation presented in Section 1.1, this chapter identifies the
fundamental control challenges arising from decentralized, communication-
free DC microgrid operation. These challenges form the basis for the systematic
review in Section 2.4, where existing solutions are assessed against these re-
quirements.
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2.3.1 Voltage Control

Although voltage control is not the main focus of this dissertation, it forms a
critical prerequisite for the higher-level SoG scheme introduced in Chapter 3. A
stable DC-bus voltage is essential to ensure power-quality compliance and func-
tions as the global error signal for active power imbalances in DC microgrids.
Unlike conventional AC grids', where the mechanical inertia of synchronous
machines mitigates the immediate impact of active power imbalances, DC sys-
tems lack inherent kinetic energy. Their transient energy buffer is confined to
the capacitances connected to the common DC-link. Due to practical constraints
on the physical size and cost of the capacitor bank, its energy storage capacity
is inherently limited. As a result, even small mismatches between generation
and demand can lead to rapid voltage excursions [63].

To ensure dynamic voltage stability, decentralized power-electronic convert-
ers must therefore be equipped with high-bandwidth controllers capable of
restoring the bus voltage within milliseconds. Without such fast and well-tuned
voltage control, the system can experience pronounced oscillations, dispropor-
tionate converter loading, and potentially destabilizing interactions, especially
in systems with multiple parallel units operating without coordinated impedance
shaping [64].

The proposed supervisory control layer relies on the assumption that each
converter tracks its local voltage reference V* at least an order of magnitude
faster than the SoG algorithm updates those references. Violating this time-
scale separation would invalidate the theoretical assumptions underpinning the
stability and optimality of the proposed approach [60].

Complementary to the main contributions of this dissertation, additional re-
search was conducted on advanced voltage control strategies, resulting in four
peer-reviewed publications ([C2], [C4], [J4], [J6]). These works demonstrate

1" This statement refers to conventional AC power systems with substantial synchronous inertia.

The particular case of low-inertia AC microgrids is addressed in Section 2.3.5.
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the feasibility of decentralized, communication-free control concepts for voltage
regulation in DC microgrids.

An overview of representative control strategies is provided in Section 2.4.1,
with references to the aforementioned publications for further details. The
specific controller used in the experimental validation presented in Chapter 5 is
described in Appendix A.1.

In summary, reliable voltage control is indispensable for the proposed higher-
level schemes. It ensures stable system operation under dynamic conditions
and provides the basis for supervisory coordination in communication-free
microgrid architectures.

2.3.2 Power Sharing

Coordinated power sharing among distributed energy resources is fundamental
to the reliable operation of DC microgrids. In its classical sense, power sharing
refers to the instantaneous distribution of load demand among parallel units,
typically realized through droop control based on the common bus voltage.
Under ideal conditions, this mechanism ensures proportional current contribu-
tions. In practice, however, line resistances and parameter mismatches distort
the voltage profile and lead to imbalances in the shared currents [65].

Beyond the instantaneous perspective, it is also relevant how the average power
contribution evolves over extended horizons. Especially in the case of BESSs, an
unequal cumulative power allocation results in diverging SoC trajectories. This
motivates the concept of SoC balancing, which can be understood as the long-
term extension of power sharing. Instead of focusing on momentary currents
alone, SoC balancing adjusts the average power allocation over time to ensure
fairness and to preserve the availability of all BESS units.

Recent research has therefore proposed control strategies that retain the de-
centralized and communication-free nature of droop control while integrating
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local SoC information. Such energy-aware approaches enhance storage utiliza-
tion, support autonomous operation during islanding, and mitigate long-term
degradation [66].

The subsequent section further examines the need for advanced SoC balancing
control mechanisms.

2.3.3 State-of-Charge Balancing

Maintaining balanced SoC levels across all BESS units is critical for ensuring
operational flexibility, maximizing usable capacity, and reducing degradation.
Imbalances can arise from a variety of sources, including unequal initial con-
ditions, asymmetric loading, component tolerances, and uncoordinated control
actions [67].

An unbalanced SoC distribution can lead to significant reductions in effective
storage capacity and dynamic response capabilities of the microgrid. When
some BESSs reach their upper SoC limits, they can no longer absorb excess
power, particularly during periods of surplus renewable generation, resulting in
curtailment and inefficient resource utilization. Conversely, when certain units
approach deep discharge, they can no longer contribute to supply loads. Even if
other BESSs retain sufficient energy, the total deliverable power of the system is
limited by the individual power ratings and current constraints of the remaining
units. As a result, the system can become unable to meet demand, not due to
a lack of energy per se, but due to the uneven SoC distribution and associated
converter limitations [68].

This situation is exemplified in Figure 2.6, which illustrates a decentralized
urban DC microgrid with spatially distributed BESSs exhibiting heterogeneous
SoC levels. Although sufficient energy is available in the system, unbalanced
utilization can result in operational constraints and limit system responsiveness.

27



2 Fundamentals and State of the Art

— AC lines
— DC lines

Figure 2.6: Conceptual representation of an urban hybrid AC/DC microgrid with spatially dis-
tributed storage systems. The diagram illustrates a heterogeneous BESS landscape
with varying SoCs, connected via AC (red) and DC (green) distribution lines.

Beyond these immediate performance issues, SoC imbalance also accelerates
long-term degradation of the BESSs. Units that remain at high SoC levels for
extended periods, or are exposed to disproportionate charge-discharge cycling,
experience elevated thermal and electrochemical stress [69]. This contributes to
asymmetric aging, reduced energy throughput, and premature capacity loss. As
an illustrative case, early-day charging during periods of high solar irradiance
can cause BESSs to remain close to full SoC for extended durations, accelerating
aging mechanisms. Predictive control strategies that shift charging toward late
afternoon hours, based on solar forecasts and load profiles, have been shown to
mitigate such degradation mechanisms and extend battery lifetime [69].

From a control perspective, addressing SoC imbalance in decentralized micro-
grids is particularly challenging. Classical droop-based power sharing mech-
anisms allocate current based on local voltage deviations but are inherently
blind to the energy state of individual units. Consequently, units with low SoC
can continue to discharge, while those with higher reserves remain underuti-
lized. To overcome this, SoC-aware power modulation strategies have been
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proposed [66]. These approaches dynamically adjust the power contribution
of each unit based on its internal energy level, thereby promoting equitable
utilization and guiding the system toward a balanced SoC distribution, without
requiring centralized coordination or real-time communication. A comprehen-
sive overview and classification of such SoC balancing methods is provided in
Section 2.4.3.

2.3.4 Stability Analysis

To ensure dependable operation of the proposed control strategies, a mathe-
matical stability analysis is essential. In line with the IEEE PES Task Force
on Microgrid Stability Definitions, Analysis, and Modeling [70], stability in
microgrids is defined as the system’s ability to return to a stationary or quasi-
stationary operating point after a disturbance (e.g., sudden load change, short
circuit, or generator outage), while ensuring that all relevant variables, such as
voltage, current, and frequency, remain within acceptable limits and without
triggering unintended load shedding or generator disconnections.

In the context of DC microgrids, the concept of stability extends beyond clas-
sical interpretations found in large-scale AC systems, as it must address the
distinct characteristics of converter-based operation and limited inertia. Stabil-
ity analysis becomes particularly challenging in decentralized systems, where
local controllers interact without centralized coordination [71].

To capture the diverse nature of such disturbances and system responses, the
literature distinguishes between several dimensions of stability [60, 70, 72]:

* Supply and Power Balance Stability refers to the ability of the system
to maintain a feasible power flow equilibrium and meet demand despite
changes in generation or topology. It encompasses coordinated power shar-
ing, load matching, and controlled shedding where needed.

* Control System Stability refers to the ability of local control loops to ensure
stable, convergent system behavior under parameter variations, disturbances,
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or inter-unit interactions. Inadequate or overly aggressive controller tuning
can lead to instability, particularly in tightly coupled microgrids.

e Small- vs. Large-Signal Stability distinguishes between local and non-
linear system behavior. Small-signal analysis is concerned with the local
response around a nominal operating point and is typically addressed via
linearization and eigenvalue analysis. While efficient, this method only guar-
antees stability in a neighborhood of the equilibrium. Large-signal stability,
in contrast, considers nonlinear system dynamics under more severe distur-
bances and is often assessed using Lyapunov’s direct method [72].

e Short- vs. Long-Term Stability differentiates between fast and slow dy-
namics. Short-term stability concerns events over milliseconds to seconds,
typically governed by converter controls and rapid load fluctuations. Long-
term stability involves slower phenomena such as thermal effects, battery
degradation, and energy storage dynamics, which unfold over minutes to
hours and must be addressed in system-level planning and energy manage-
ment.

A graphical overview of this classification, adapted from [70], is provided in
Figure 2.7.

In this dissertation, the stability of the proposed control strategies is rigor-
ously assessed using well-established analytical methods. Section 3.5 employs
Lyapunov-based techniques and Singular Perturbation Theory to evaluate the
global system behavior under bounded disturbances. In addition, small-signal
stability is investigated in Section 4.2 through linearization and eigenvalue anal-
ysis around representative operating points.

2.3.5 Integration and Interaction with AC Grids
The integration of DC microgrids into existing AC power systems presents
not only a complex technical challenge, but also a significant opportunity for

enhancing grid flexibility, resilience, and sustainability. This section outlines the
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Figure 2.7: Overview of microgrid stability categories as proposed in [70]. The classification
distinguishes between control system stability and power supply and balance stability,
further subdivided into electric machine, converter, voltage, frequency, and DC-link
stability. Each category can be analyzed under small- and large-signal disturbances and
in short- or long-term time frames.

fundamental principles and key integration challenges associated with AC/DC
coupling, thereby laying the foundation for the IC control strategy discussed in
Section 2.4.4.

In conventional AC power systems, the inertia of synchronous generators pro-
vides an instantaneous reserve of kinetic energy that inherently buffers short-
term active power imbalances. A sudden increase in demand, for example, is
initially supplied by this kinetic store, causing the rotor speed and thus the
grid frequency to decline [73, 74]. The dynamic frequency response of a syn-
chronous generator can be described by the swing equation, which relates the
net accelerating power to the rate of change of rotor speed [75]:

d
Jwg% — Py — Py, (2.10)

where Pp denotes the generated electrical power, P;, the instantaneous load
demand, J the moment of inertia, and w, the rotor angular velocity, which is
directly proportional to the grid frequency. This equation can be obtained by
differentiating the kinetic energy stored in the rotating masses, Ej, = %J wg, by
differentiating with respect to time.
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To account for frequency-sensitive demand and other damping effects, a linear
term can be included, yielding the damped swing equation:

dwg

H:PE—PL—Df(wg—w*), (2.11)

Jwyg

with effective damping coefficient Dy > 0 and nominal angular frequency w*.

Frequency control in power systems is structured across multiple temporally
layered stages, each designed to counteract imbalances between generation and
demand over different time scales. These stages range from the immediate phys-
ical response of synchronous inertia to slower, economically optimized redis-
patch measures. The overall structure of this frequency response is schematically
illustrated in Figure 2.8, as defined by the European Network of Transmission
System Operators for Electricity (ENTSO-E) [76]. The main stages are:

* Inertial Response: The instantaneous power exchange between syn-
chronous machines and the grid that occurs immediately after an active
power imbalance. It originates from the kinetic energy stored in the ro-
tating masses of synchronous generators, which is governed by the swing
equation (see Equation (2.11)).

e Primary Frequency Control: Within approximately up to 30 s, gener-
ators begin to actively adjust their output in proportion to the frequency
deviation. This autonomous response helps stabilize the frequency with-
out centralized coordination.

e Secondary Frequency Control: This stage, also known as Automatic
Generation Control (AGC), restores the nominal frequency and power
balance through centralized adjustments. It typically operates on a time
scale of 30s to 15 min.

e Tertiary Frequency Control: Acting beyond 15 minutes, tertiary con-
trol replaces secondary reserves and optimizes power dispatch based on
economic and operational considerations.
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Figure 2.8: Schematic representation of frequency response stages in power systems following a
disturbance, based on the ENTSO-E classification [76]. The illustration highlights the
sequential activation of system inertia, primary control, secondary control, and tertiary
control to restore frequency and active power balance.

A reduction in system inertia leads to higher values of the Rate of Change of
Frequency (RoCoF)?, thereby narrowing the time window available for primary
and secondary control actions [77]. These challenges are further exacerbated by
the displacement of conventional synchronous generators with inverter-based
resources such as wind turbines and PVs, which contribute little or no rota-
tional inertia [78, 79]. The widespread blackout in the United Kingdom on
9 August 2019 is an example of the vulnerabilities introduced by low-inertia
operation [80, 81].

To counteract this challenge, a variety of control concepts, commonly grouped
under the term of virtual or synthetic inertia, has been developed. They emulate
the instantaneous energy exchange of synchronous machines through coordi-
nated control of power electronic converters and their associated energy sources.

2 RoCOF is defined as the time derivative of grid frequency and serves as an indicator of how
quickly the frequency deviates from its nominal value following a disturbance. High RoCoF
values imply lower system inertia and faster frequency dynamics, which can pose stability and
protection challenges.
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The fundamental principles and practical implementations of such converter-
based inertia emulation are discussed in Section 2.4.4. Key contributions and
representative implementations of these IC functions are documented in the
literature [82, 83, 84, 85, 86].

2.3.6 Grid-Supportive Loads

The increasing integration of variable RESs, such as PV and wind power, has
led to a growing demand for flexibility in modern power systems. Conventional
flexibility solutions, primarily based on energy storage technologies, face in-
herent limitations in terms of economic viability, scalability, and sustainability,
particularly within low-inertia and distribution-level grids. In response, recent
research efforts have increasingly focused on the integration of GSL as a com-
plementary flexibility resource [87].

Unlike conventional passive loads, GSLs are equipped with embedded con-
trol algorithms that dynamically adjust their power consumption in response to
real-time measurements of local and system-wide states. Through coordinated
setpoint modulation, GSLs actively support grid stability, reduce the reliance
on centralized energy storage, and improve the system’s ability to mitigate dis-
turbances. This functionality is particularly valuable in low-inertia DC grids,
where voltage deviations can propagate rapidly and simultaneously affect mul-
tiple converters. In such environments, the distributed and fast-reacting nature
of GSL control offers a robust and scalable approach that enhances system
resilience.

A compelling demonstration of the potential of GSLs is presented in [87].
Within a large-scale 2000-bus test system, the integration of only 20 % grid-
supportive demand enabled an additional frequency support capacity of up
to 2000 MW/0.1 Hz, without requiring any frequency regulation contributions
from wind or solar generators. As a result, the frequency nadir deviation is
reduced by almost 60 % compared to a reference scenario without GSL integra-
tion. These findings highlight that such loads can not only respond effectively
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to both voltage sags and frequency excursions in a balanced manner but also
provide substantial ancillary services to the grid.

2.4 Overview of Existing Control Approaches

Building on the challenges outlined in Section 2.3, this chapter surveys the
control strategies proposed to address them. In accordance with the research
objectives stated in Section 1.2, the discussion is deliberately confined to de-
centralized and communication-free approaches.

2.4.1 Voltage Control Methods

As outlined in Section 2.3.1, local voltage control forms the high-bandwidth
inner control layer in the hierarchical structure considered in this dissertation.
Its primary task is to ensure that each converter maintains its output voltage V'
aligned with the reference V* provided by the higher-level SoG controller
described in Chapter 3.

A comprehensive review of voltage control techniques for DC microgrids is
beyond the scope of this dissertation, as such methods are extensively covered
in existing literature (e.g., [88, 89, 90]). The following discussion therefore
focuses on representative approaches developed and validated within the scope
of this research, which serve as enabling mechanisms for the higher-level control
concepts proposed in this dissertation.

Several advanced voltage control strategies have been developed and experimen-
tally validated in the context of this research. These approaches, documented
in [C2] [C4], [J4] and [J6] include:

* Anonlinear distributed control method for multi-terminal DC microgrids,
experimentally validated using a Power Hardware-in-the-Loop (PHIL)
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platform and shown to outperform conventional PI-based approaches in
dynamic scenarios [C2].

* Anextended nonlinear control framework for AC-coupled DC microgrids
integrating grid support functionality, which also includes advanced DC-
bus voltage regulation under multiple converter interactions [C4].

* A Linear-Active Disturbance Rejection Control (L-ADRC) strategy for
buck and boost converters, designed to operate under matched and mis-

matched disturbances and validated through DC microgrid Hardware
(HW) testing [J4].

* A Nonlinear-Active Disturbance Rejection Control (NL-ADRC) combin-
ing sliding mode observation and Lyapunov-based feedback, capable of
achieving robust voltage control in converters with non-minimum phase
characteristics [J6].

These advanced control strategies confirm the feasibility of decentralized and
communication-free voltage regulation with high dynamic performance. How-
ever, for the experimental validation of the higher-level control concepts pre-
sented in Chapter 3, the objective was not to benchmark voltage control al-
gorithms but to verify the system-level functionality under realistic laboratory
conditions. For this purpose, a classical cascaded voltage-current control with
feedforward compensation and clamping anti-windup is selected, owing to its
proven robustness, ease of implementation, and widespread adoption in indus-
try. This choice ensures that the observed system behavior can be directly at-
tributed to the proposed higher-level control mechanisms rather than to specific
characteristics of advanced local controllers. The detailed design and tuning
procedures are provided in Appendix A.1.
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2.4.2 Droop Control as a Basis for Power Sharing

Power-sharing schemes in DC microgrids can broadly be classified into voltage-
based droop methods, current-based strategies, and hybrid approaches that com-
bine multiple control principles or integrate local state estimation. Among these,
voltage-based droop control remains the most widely adopted primary layer due
to its simplicity, plug-and-play capability, and independence from communi-
cation [91]. In its conventional form, it emulates a resistive voltage source
according to

Vi=V" = Ra; I, (2.12)

where V; is the output voltage of BESS unit ¢, V;* the nominal DC-bus voltage,
1I; the output current, and Rq ; the virtual droop resistance. A smaller droop
coefficient Rq ; results in a higher output voltage for a given current, thereby
increasing the unit’s share in supplying the load, whereas a larger coefficient
reduces its participation.

While attractive for its robustness and scalability, conventional droop control
is sensitive to line impedances, converter parameter variations, and other non-
idealities [92, 93]. More critically for microgrids comprising multiple BESSs,
it does not consider the SoC of individual units. As a result, low SoC units
can be forced to deliver the same current as fully charged units, causing uneven
capacity utilization, accelerated degradation, and potentially premature system
shutdown despite significant remaining energy elsewhere. These shortcomings
motivate the development of SoC-aware droop methods, which adjust the power
contribution of each unit according to its energy status. The following section
reviews representative SoC balancing approaches.

2.4.3 SoC Balancing Control

Recent research has proposed a wide range of methods for balancing the SoC
among BESSs in DC microgrids. The primary objective of these strategies is to
ensure uniform utilization of the available storage capacity, thereby improving
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operational efficiency and extending system lifetime. The comprehensive review
by Fagundes et al. [66] classifies existing approaches into three main categories:
centralized, distributed, and decentralized control methodologies. As outlined
in Section 2.1, this dissertation focuses on decentralized strategies.

In [94], the droop coefficient is locally adjusted as a function of the SoC, with
the aim of assigning higher power contributions to storage units with higher
SoC levels, while relieving those with lower SoC. This approach promotes
gradual equalization of SoC values over time. However, line resistances and
heterogeneous BESS capacities are not considered.

The approach proposed in [95] extends the SoC-based droop control concept
introduced in [94] by implementing a dual-quadrant strategy for distributed
energy storage systems in DC microgrids. Unlike [94], which considers only
discharging behavior, the extended method differentiates between charging and
discharging modes. During charging, the droop coefficient is chosen to be
proportional to the n-th power of the SoC, whereas during discharging it is set
inversely proportional to the SoC. Here, the parameter n serves as a convergence
factor.

In [96], a fuzzy logic-based droop control scheme is introduced to achieve SoC
balancing among distributed BESSs in a DC microgrid. The method adaptively
adjusts the virtual resistances of each unit without requiring centralized com-
munication. However, differences in line resistance and storage capacity are not
addressed.

In [97], a decentralized generation-storage coordination strategy is proposed for
islanded DC microgrids with high PV penetration. The storage control relies
on an SoC-dependent droop mechanism that not only facilitates power sharing
but also adaptively adjusts the DC-bus voltage to prevent overcharging and
deep discharging of the BESSs. In addition, a power-adaptive control scheme
is introduced for the PV generators, which limits their power injection based
on the DC-bus voltage when the storage units approach high SoC levels. This
approach enables coordinated operation between generation and storage without
requiring centralized control.
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In [98], the conventional SoC-based droop control is extended by incorporating
the relative capacity of individual battery units. The droop coefficient is set
proportional to a power function of the SoC, and an additional capacity weight-
ing factor is introduced. This ensures that storage units with higher capacity
contribute more power, while enabling a more effective SoC balancing among
BESSs with heterogeneous capacities.

In [99], a fully filter-based decentralized SoC balancing strategy is presented.
The approach combines a High-Pass Filter (HPF)-based SoC balancing mech-
anism with a Band-Pass Filter (BPF)-based droop control scheme. The HPF-
based component optimizes power sharing based on the SoC and capacity of
each unit, while the BPF compensates for voltage deviations to ensure stable
current distribution. Line resistances are explicitly taken into account to mitigate
their impact on voltage regulation and SoC balancing. The proposed method
is validated through Processor-in-the-Loop (PIL) simulations and demonstrates
improved voltage stability and faster SoC convergence compared to conventional
droop-based approaches.

In [100], a hardware-validated SoC-aware droop control method is proposed, in
which the droop characteristic is vertically shifted as a function of the local SoC
while maintaining a fixed slope. This mechanism reduces the power contribution
of units with higher SoC and increases it for units with lower SoC, thereby
promoting charge equalization without requiring communication. The method
assumes equal line resistances and identical battery capacities, and does not
consider heterogeneous grid conditions, grid-supportive load functionalities, or
operation in hybrid AC/DC systems.

A communication-less hybrid AC/DC equalization concept is presented in [101].
One Energy Storage Unit (ESU) is designated as a sender unit whose SoC acts as
reference for the others. The sender reports its SoC to all units by superimposing
a small AC current on the DC-bus, which the remaining ESUs sense and then
shift their droop curves relative to the sender’s SoC. This power-line signaling
avoids a digital data link but still relies on an explicit auxiliary signaling mech-
anism and a special sender role. The method targets hybrid AC/DC operation
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but does not provide a unified metric that intrinsically links DC-bus voltage
deviations and AC-frequency deviations for cross-domain SoC balancing, nor
does it explicitly address heterogeneous line resistances or capacity spreads.

In [102], an SoC-aware droop scheme treats the BESS units as master regu-
lators of the DC-bus. The reference voltage is held constant within a nominal
SoC band and adjusted only at low or high SoC, which bounds DC-bus excur-
sions. The droop slope is scheduled by the local SoC to equalize heterogeneous
BESSs. Interaction with PV and the utility grid is coordinated via DC-bus sig-
naling, where predefined voltage thresholds trigger rule-based mode changes
such as grid injection or absorption. Consequently, coordination relies on dis-
crete DC-Bus Signaling (DBS) threshold events on the DC side, with system
behavior inferred from bus-voltage excursions rather than from a continuous
cross-domain coupling variable.

Patent [103] likewise modulates output current by vertically shifting the droop
characteristic according to SoC at fixed slope in order to promote self-balanced
charge distribution without communication. As a result, units with higher SoC
increase their power contribution, whereas those with lower SoC decrease theirs,
promoting self-balanced charge distribution without requiring communication.

In contrast to the approaches discussed above, this dissertation develops a SoG-
based framework that coordinates BESSs, the IC, and GSLs using only local
measurements. Without communication, the method achieves (i) SoC-aware
power sharing within the DC domain, (ii) cross-domain SoC balancing across
AC and DC subsystems via the IC, and (iii) concurrent frequency support with
virtual inertia on the AC side. The design explicitly accounts for heterogeneous
storage capacities and non-ideal line resistances, and embeds voltage-sensitive
response curves for GSLs as part of the primary layer. Beyond small-signal
analysis, stability is established using Lyapunov and input-to-state stability
arguments as well as Singular Perturbation Theory. The concept is validated
under representative scenarios in the Smart2DC laboratory (see Chapter 3 and
Chapter 5).
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A comparative summary of relevant approaches is provided in Table 2.1,
which contrasts key characteristics such as tolerance to variable line resis-
tances (A Ry), operation with heterogeneous battery capacities, capability for
GSL, synergistic AC coupling (S-AC), and cross-domain SoC balancing be-
tween DC and AC subsystems. The table also reports the employed validation
method, which ranges from simulation to Hardware-in-the-Loop (HIL) and full
hardware experiments.

Table 2.1: State of the Art Comparison

Reference ARy u]r;eEqSuSa ! GSL S-AC Sl())g-ggl, Validation
[94, 100] X X X X X HW
[96] X X X X X HIL
[95] X X X X X Sim
[97] v v X X X HIL
[98] X v X X X Sim
[99] v v X X X PIL
[101] X X X v v Sim
[102] X v X v X HIL
[104] X v X X X HIL
[105] v X X v X HW
This Thesis v v v v v HW

Abbreviation: AR : Variable line resistances; unequal BESS: Heterogeneous
battery capacities; GSL: Grid-Supportive Load capabilities; S-AC: Synergistic
AC coupling; DC-AC SoC Bal.: State of Charge (SoC) balancing across DC
and AC domains; v': Presence of feature; x: Absence of feature.

The SoC-aware strategies reviewed above enable communication-free, decen-
tralized coordination of BESSs in DC microgrids and improve charge balance,
operational efficiency, and lifetime. Their effectiveness is, however, inherently
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limited to the DC domain. In practice, many microgrids interface with AC in-
frastructure as part of hybrid AC/DC systems, where seamless energy exchange
and coordinated cross-domain SoC balancing become essential. The following
chapter therefore examines AC coupling techniques that enable robust and syn-
ergistic integration of DC microgrids into broader power-system architectures.

2.4.4 AC Coupling Control Techniques

As discussed in Section 2.3.5, the transition from synchronous generators to
power-electronic-interfaced resources reduces the inherent rotational inertia
of conventional AC systems. The resulting change in system dynamics poses
challenges for frequency and voltage stability [106, 107, 75]. To mitigate these
effects, virtual or synthetic inertia concepts emulate inertial response through
the control of power electronic converters and their energy sources, thereby
providing a stabilizing effect comparable to that of rotating masses [108].

A prominent implementation is the VSM. By embedding virtual inertia, damp-
ing, and voltage control, VSMs mimic the dynamic behavior of synchronous
generators and enable inverter-based resources to contribute to frequency and
voltage stability in AC grids [109, 110, 111, 112]. The present subsection intro-
duces the principles and modeling of VSM systems as a basis for the SoG-based
VSM strategy in Section 4.1. Comprehensive reviews of virtual-inertia control
methods are available in [109, 113, 114, 111, 115, 112].

2.4.4.1 Grid-Following and Grid-Forming Control

To overcome limitations of Grid-Following (GFL) operation, Grid-Forming
(GFM) control has emerged as a promising alternative [116, 117]. In GFM
mode, converters establish voltage and frequency internally, which enables
much faster responses to grid disturbances than GFL operation. The funda-
mental difference between GFL and GFM control paradigms is illustrated in
Figure 2.9. While GFL inverters regulate output current in response to the
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estimated grid frequency at the Point of Common Coupling (PCC), typically
synchronized via a Phase-Locked Loop (PLL), GFM inverters actively gener-
ate a terminal voltage with defined amplitude and frequency, thereby taking a
grid-forming role. In the following, the control strategies relevant to this study
are introduced, namely droop control (in GFL) and the VSM (in GFM).

' 2(8)
pPCC
4
Prop —> ey Viet —>| Viet
GFL — GFM
Qrep —>| Wref —|
(a) Grid-following control (schematic). (b) Grid-forming control (schematic).

Figure 2.9: Conceptual comparison of GFL and GFM control paradigms. (a) GFL: synchronization
via PLL with outer active/reactive power or DC-link controllers that provide current
references to an inner current loop (current-source behavior). (b) GFM: generation
of internal voltage, frequency, and angle references (droop, virtual oscillator, or VSM)
with voltage control, virtual impedance, and current limiting (voltage-source behavior).
Adapted from [117].

2.4.4.2 Droop-Based Control Approaches

Conventional frequency control for converter-interfaced generation typically
operates in GFL mode. A static droop law maps active power to frequency (P-f
droop) and reactive power to voltage (Q-V droop), thereby emulating the gover-
nor and excitation responses of synchronous machines and providing primary
frequency regulation [118, 119, 120, 121].

These frequency and voltage droops are commonly derived under the assump-
tion of predominantly inductive line impedance®, which approximately decou-
ples active and reactive power. For a voltage-source inverter connected to the

3 This assumption is reasonable for medium- and high-voltage grids or long cables [122]. In

low-voltage grids with small X/ R ratios, virtual impedance or modified droop laws are used
to achieve robust sharing [123, Ch. 7, Ch. 19].
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grid through an inductive reactance X7, > R, and for small angle deviations,
the steady-state power exchange can be approximated as [124]

Vi Verid
P~ § 2.13
x, (2.13)
|4
Q ~ Xf (Vf - Vgrid)7 (214)
L

where P and () denote three-phase active and reactive power at the PCC, Vy
and Vg,iq denote per-phase Root-Mean-Square (RMS) phasor voltages (posi-
tive sequence), X, is the per-phase series reactance, and ¢ is the phase-angle
difference (the “power angle”) between the converter and grid voltage phasors.

These relations motivate the conventional droop laws [60]:

w=w"—mp(P—P"), (2.15)
Vf = Vak —mq (Q—Q*), (2.16)

with nominal setpoints w* and V* and references P* and Q*. The droop slopes

defined
are derned as & __ﬂ (2 17)
AP T TAQ '

such that the maximum expected deviations in P and () map to allowable

mp = —

deviations in frequency and voltage, respectively®.

Although droop control is essential for decentralized sharing and frequency
tracking, it does not provide an inertial response [125, 126]. In GFL converters
the response remains reactive to the grid: it relies on PLL-based angle estimation
and lacks a direct coupling between internal power balance and frequency, which
limits performance during fast disturbances [127, 128, 129]. Although power
electronic interfaces allow rapid actuation, immediate frequency support is

4 Some references use the inverse slopes n p = AP/Aw and ng = AQ/AV.Thisdissertation

adopts mp = Aw/AP and m¢g = AV/AQ for consistency with Equations (2.15)—(2.16).
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achieved with GFM control, which establishes voltage and frequency internally
and can incorporate explicit frequency or swing dynamics [126, 116, 117].

2.4.4.3 Virtual Synchronous Machine (VSM)

Building on the physical principles outlined in Section 2.3.5, VSM control
embeds a dynamical model analogous to the swing equation of a synchronous
machine in order to establish GFM behavior and provide rapid autonomous
frequency support [113, 130, 131, 132]. A power-based form of the swing
dynamics is

Pn—P.=2Hw+ D), (w—w"), (2.18)

where H is the inertia constant, D,, is a damping coefficient, w is the internal
electrical angular frequency, and P, and P, denote input and output powers in
per-unit. A commonly used normalized VSM implementation is

1
2H

& = o (Pt = P = Dy (woam — ), (2.19)
with © = wysm — w*, reference power P,qf, measured output power P, internal
angular frequency wysm, and grid angular frequency w,. Equation (2.19) shows
that virtual inertia /1 and frequency-dependent damping D, are explicit design
parameters. Practical realizations typically complement the frequency dynamics
with a voltage-control loop and virtual impedance to regulate terminal voltage
magnitude and shape the output impedance for stability and power sharing.

Comparative studies report improved transient performance and grid-support
capabilities of VSM control relative to static droop control [127]. Motivated by
these findings, Section 4.1 presents the formulation and analysis of a SoG-based
VSM for communication-free AC/DC coupling.
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2.4.5 Grid-Supportive Load Control

The potential of GSLs to provide ancillary services has been outlined in Sec-
tion 2.3.6. This section discusses the implementation and control of GSLs and
their role in complementing converter-based DC microgrids.

Field trials in the 2000s established that end-use devices can autonomously
respond to frequency excursions and support stability without centralized dis-
patch [133]. Subsequent work moved beyond emergency underfrequency shed-
ding toward continuous, sub-minute services and device-side controllers em-
bedded in modern power-electronic loads (e.g., variable-speed drives, EV charg-
ers) [87, 134, 135]. Compared with aggregator-style demand response on
minute-hour horizons, GSLs aim at decentralized actions based solely on local
measurements, thereby reducing latency and communication dependencies [87].

In DC microgrids, the signal for load-side support is the bus voltage. DC-native
GSLs modulate their effective V'-I characteristic to adapt power intake as a
function of voltage deviations. Two complementary directions have emerged:
(1) Local electronic load control that realizes a variable internal impedance (or
equivalent droop) with embedded screening logic and Proportional-Integral-
Differential (PID) regulation, enabling rapid curtailment or absorption with
minimal overhead. This improves bus-voltage regulation and helps preserve
supply to critical loads [136].

(i) Predictive scheduling of voltage-responsive loads within a Model Predictive
Control (MPC) framework that co-optimizes voltage-based demand response
and storage dispatch under uncertainty. Compared with stochastic MPC, ap-
proaches assisted by a deep Q network have reported lower operating cost, fewer
battery cycles, and improved restoration of the DC-bus target by anticipating
when to actuate voltage-based demand response versus storage injection [137].

The Electric Spring (ES) concept, originally proposed for AC systems, has been
adapted to DC as series or shunt compensators co-located with noncritical loads.
Multiple DC-ES units can be coordinated using a two-layer architecture, with
primary droop for effort sharing and a secondary consensus layer to regulate
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the average bus-voltage reference while balancing internal energy states [138].
Building on this idea, distributed virtual inertia on the load side can be realized
by modulating a virtual capacitance within ES converters. A model-predictive
controller adapts the virtual capacitance to increase it during disturbances for
slower bus-voltage variation and to decrease it for faster recovery, while a
consensus loop equalizes noncritical-load voltage deviations across devices.
HIL tests and small-signal eigenvalue analysis substantiate the dynamic and
stability benefits [139].

Despite these advancements, several open issues remain. These include rigorous
stability and fairness guarantees without communication for heterogeneous,
potentially non-passive ZIP-type loads, SoC-aware demand-side responses that
do not rely on global signals, and reproducible validation in residential- and
building-scale DC microgrids under converter nonlinearities and measurement
noise. Furthermore, restoration strategies are required that explicitly consider the
limited energy budgets of loads capable of providing only short-term support.
These gaps motivate the controller in Section 4.2, which uses only local voltage
feedback with a ZIP-based load representation, aligns demand modulation with
SoC-aware support, and integrates an energy-based restoration mechanism.

2.5 Research Gaps and Contributions of this
Dissertation

Building upon the preceding review and its identified limitations, this section
first outlines the open challenges in hybrid AC/DC microgrid control. It then
summarizes the contributions of this dissertation that address these challenges.

Open Challenges in Hybrid AC/DC Microgrid Control

Despite the substantial progress outlined in the preceding sections, several
critical challenges remain that must be addressed to enable robust and scalable
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control of decentralized DC microgrids that are interfaced to an AC grid or an

AC microgrid.

48

* Decentralized SoC balancing across hybrid DC-AC microgrids: As

indicated in Table 2.1, most methods either target isolated DC domains
or focus on AC-side control. Communication-free methods capable of
harmonizing BESSs utilization across interconnected DC and AC micro-
grids, remain largely unsolved.

Concurrent SoC balancing and frequency support: While numerous
studies have addressed decentralized SoC balancing within DC micro-
grids, the simultaneous provision of ancillary services, such as virtual
inertia support and primary frequency control, to an interconnected AC
grid remains insufficiently addressed. Achieving both objectives con-
currently requires advanced control strategies that enable IC to support
frequency and voltage regulation without compromising SoC balancing
performance.

Integration of GSL in Decentralized DC Control: Although recent
studies have demonstrated the potential of GSL to enhance frequency and
voltage stability, their systematic integration into decentralized energy
management schemes for DC microgrids remains an open problem. In
particular, there is a lack of robust coordination mechanisms that allow
GSLs, BESSs, and generation units to operate in a harmonized manner
without relying on centralized communication or control.

Consideration of nonlinear stability beyond small-signal: Many of
the existing control strategies focus on linearized (small-signal) stabil-
ity. However, scalable and application-oriented methods are required to
evaluate microgrid stability under nonlinear dynamics, ideally offering
global guarantees or explicitly defined regions of attraction.

Experimental validation: The literature frequently lacks system-level
validations under realistic operating conditions with transparent report-
ing. There is a need for reproducible experiments with predefined metrics,
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representative scenarios, and documented controller parameters, proce-
dures, and datasets.

Addressing these challenges calls for novel, robust, and scalable control schemes
that operate without centralized coordination or communication.

Research Contributions and Innovations

To address the gaps identified in Section 2.3 and Section 2.4, this dissertation
develops an SoG-based control framework for decentralized hybrid AC/DC
microgrids. At its core, the proposed approach encodes each unit’s SoC into
bounded setpoint offsets, thereby yielding a locally measurable coordination that
enables communication-free SoC balancing and proportional power sharing in
isolated DC microgrids as well as across AC/DC coupling via the IC (Chapter 3).
Building on this principle, the IC control is extended toward GFM behavior to
provide virtual inertia and frequency response on the AC side while preserving
SoG-driven energy coordination (Chapter 4). Furthermore, GSLs are integrated
into DC microgrids through decentralized voltage-dependent response charac-
teristics, strengthening bus-voltage regulation and disturbance rejection without
explicit communication (Chapter 4). The resulting closed-loop behavior is sub-
stantiated by nonlinear stability analysis, including Lyapunov-based arguments
and Singular Perturbation Theory, complemented by reproducible system-level
validation on the Smart2DC laboratory platform (Chapter 5). A consolidated
overview of the dissertation’s contributions is provided in Section 1.3.

2.6 Summary and Concluding Remarks

This chapter provides an overview of architectural concepts, component models,
and control classifications for hybrid AC/DC microgrids under decentralized,
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communication-free operation. It introduced the adopted non-isolated single-
bus architecture and the control taxonomy that frames the subsequent devel-
opments (Section 2.1). The key components and models were summarized,
including PV with MPPT, BESSs with coulomb-counting SoC estimation, half-
bridge DC/DC converters and a three-phase two-level IC, as well as resistive
and ZIP load representations (Section 2.2).

The analysis of control challenges in Section 2.3 highlights four key aspects.
First, high-bandwidth local voltage regulation is essential to maintain DC-bus
stability under fast transients (Section 2.3.1). Second, power sharing and SoC
balancing are intrinsically interdependent, and conventional droop control is
sensitive to resistive distribution lines and parameter mismatches (Section 2.3.2,
Section 2.3.3). Third, stability must be evaluated in both supply-balancing
and control-system dimensions, requiring not only small-signal analysis but
also nonlinear methods to address system dynamics beyond linearization (Sec-
tion 2.3.4). Fourth, effective AC/DC interaction requires coordinated IC control
and the systematic integration of GSLs for decentralized voltage support (Sec-
tion 2.3.5, Section 2.3.6).

The review of existing approaches (Section 2.4) identified persistent gaps: lim-
ited SoC awareness in the primary layer, cross-domain SoC balancing via the
IC, early adoption of GSL in DC microgrids, reliance on idealized impedances,
and a shortage of reproducible system-level experiments (Table 2.1). These
findings motivate the SoG framework in Chapter 3 and its extensions to GFM
behavior and GSL integration in Chapter 4, with rigorous stability analysis and
experimental validation presented in Chapter 5.
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3 The State-of-Grid Control
Concept

This chapter presents the central contribution of this dissertation: the SoG
control concept. The method enables communication-free SoC balancing and
proportional power sharing in hybrid AC/DC microgrids.

The core idea is to encode each unit’s SoC as a small bounded offset of its con-
verter output voltage setpoint. These slowly varying offsets drive autonomous
SoC equalization and proportional sharing based solely on local measurements,
without explicit communication. The method is extended to AC grids by en-
coding SoC information in small frequency setpoint offsets, thereby enabling
coordinated operation and SoC balancing across the AC and DC domains. An
overview of the structural elements of the SoG control architecture is shown
in Figure 3.1. The approach comprises two complementary components: (i) a

SoG Control

Mapping Inverse Mapping
Section 3.2 Section 3.3

SoC-V SoC-f SoGpc SoGac
Section 3.2.1 Section 3.2.2 Section 3.3.1 Section 3.3.2

Figure 3.1: Schematic representation of the SoG control concept. The framework is structured into
mapping (Section 3.2), which projects the SoC to measurable quantities such as voltage
(V) or frequency (f), and inverse mapping (Section 3.3), which enables decentralized
inference of the global system state.
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mapping that projects internal energy states (SoCs) onto system-wide observ-
able variables (voltages and frequency), and (ii) an inverse mapping, that allows
each unit to estimate the global state of the grid from local voltage or frequency
measurements.

Figure 3.2 illustrates how the concept applies in a hybrid microgrid. On the DC
side (left), each converter-integrated BESS operates according to a local SoC-V
mapping, described in Section 3.2.1. On the AC side (right), inverters apply a
SoC-f mapping, introduced in Section 3.2.2. The interface converter connects
both domains and regulates the cross-domain power flow based on the SoG
metric, which is defined in Section 3.3.

Figure 3.2: Illustrative overview of the proposed SoG-based control concept for hybrid AC/DC
microgrids. Converter-integrated BESS on the DC side (left) encode their SoC as small
voltage deviations via the local SoC-V mapping (Section 3.2.1), while inverters on
the AC side (right) project their SoC into the frequency deviations (Section 3.2.2).
The central IC links both domains and uses the inverse SoG mappings to compute the
system-wide energy imbalance (Section 3.3) and control the cross-domain power flow
accordingly (Section 3.4). This architecture enables implicit coordination of energy
states and self-organized power sharing without communication.

Before proceeding, the operating assumptions and design conditions used
throughout the development are stated.
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Assumptions for Control Design and Analysis

To enable a systematic development and analysis of the proposed control strat-
egy, the following assumptions are made. They reflect a typical microgrid con-
figuration and are justified based on practical design principles and established
methodologies.

Assumption 3.1 (Time-scale separation). The system is assumed to exhibit a
hierarchical time-scale separation, with current control operating faster than
voltage control, and voltage control faster than energy or SoC dynamics. This
can be enforced by controller tuning and is used for singular perturbation
arguments (see Appendix A.6).

Assumption 3.2 (Predominantly inductive AC grid). The AC grid is assumed
to exhibit a high X/R ratio, which enables simplified active power sharing
via frequency deviations and the SoG frequency mapping (see Section 3.2.2).
Such an inductive characteristic can be obtained by (i) series filter inductors at
the converter output, (ii) emulating virtual inductance through inverter control
algorithms, or (iii) proper selection of line parameters (cross section, material,
and length).

Assumption 3.3 (Proper system sizing). The DC microgrid is assumed to be
adequately sized with respect to converter ratings, energy storage capacity,
and line impedance. No single unit is assumed to dominate the bus dynamics.
This assumption ensures that the common bus voltage provides a valid system-
wide indicator of the global energy state. The sizing follows established design
criteria, such as those discussed in [140].

The remainder of this chapter is organized as follows. Section 3.1 sets out the
core concept, defines the notation, and outlines the principal design parameters.
Section 3.2 then formalizes the mapping of internal energy states to observ-
able variables. Section 3.2.1 derives the SoC-to-voltage map for the DC side;
Section 3.2.2 extends the mapping to the AC side by mapping SoC to small
frequency setpoint offsets. Section 3.3 develops the inverse SoG mapping for
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global grid-state estimation and provides precise definitions of SoGpc and
SoGac. Building on these results, Section 3.4 presents a decentralized AC/DC
coupling method that controls interlink power exchange from locally inferred
SoG signals. Finally, Section 3.5 provides the stability analysis. The chapter
closes with a summary and concluding remarks in Section 3.6.

3.1 Core Concept and Definitions

The proposed SoG-based control approach is inspired by the physical analogy of
interconnected hydraulic vessels'. In physics, such systems illustrate how fluid
levels in communicating vessels naturally equalize based solely on hydrostatic
pressure differences, without requiring centralized coordination [141].

The classical mobility analogy [142] relates equivalent variables across physical
domains. In the hydraulic-electrical view adopted in this dissertation, the across
variable is the hydrostatic pressure p and the through variable is the volumetric
flow rate (Q; these map to the electrical voltage v and current 4, respectively [143].
Table 3.1 summarizes the mapping used in the present dissertation.

Table 3.1: Key analogies between electrical and hydraulic systems expressed in generalized vari-

ables.
Generalized Variable Electrical System Hydraulic System
Effort Voltage (V) Hydrostatic Pressure (p)
Flow Current (I) Flow Rate (Q))
Resistance Electrical Resistance (R) Hydraulic Resistance (R},)
New (introduced) State-of-Charge (SoC)  Fluid Level (h)

The analogy used in this dissertation follows the classical mobility analogy under idealizations:
incompressible single-phase fluid in rigid, leak-free containers; laminar flow and small-signal
operation; negligible capillarity, cavitation, thermal effects, and fluid inertia in the steady-state
argument. Identical cross sections are not required for level equalization.

54



3.1 Core Concept and Definitions

In both domains, the relation between effort, flow, and resistance follows the
same formal relationship. For the hydraulic system in Figure 3.3(a), the pressures
at the bases of two vessels are

p1 = pghi, p2 = pgha, 3.D

such that the driving pressure difference

Ap =p1 — p2 = pg(h1 — ha) (3.2)
induces the volumetric flow
Q = % (3.3)
R .

In the corresponding electrical system shown in Figure 3.3(b), the converter
output voltages take the role of the pressures,

Vet ©p1, Vop2 € pa, 34
and the potential difference
AV =Vop1 — Vo,B2 (3.5

yields the analogous relation

_ Ay LAV

Q= N — 7 (3.6)

This side-by-side mapping preserves the effort-flow analogy (p <+ V, Q < I)
and power consistency (p Q) <> V I), while motivating the interpretation

Hence, this analogy motivates the SoC-based reference voltage formulation
adopted in this dissertation, in which the converter voltage reference is modu-
lated according to the instantaneous SoC to achieve SoC balancing.
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— ah = poh
hy im pot g e Zﬁ‘hz SoCs

(a) Communicating vessels. (b) Battery interaction on a DC-bus.

Figure 3.3: Analogy between (a) communicating vessels and (b) their electrical counterpart, rep-
resenting the conceptual foundation of the SoG approach. In both systems, equilibrium
emerges naturally through decentralized interactions without centralized coordination.
Adapted from [J7].

Conceptually, each battery is treated as a vessel and its SoC as the fluid level.
The resulting ’pressure’ variation in the analogy is realized in the electrical
domain by a slight, bounded deviation of the converter’s terminal voltage from
its nominal value. When several BESSs are connected to a common DC-bus,
these local deviations interact through the grid and collectively reflect a shared
SoG signal that indicates the global stored energy condition of the system. In
hydraulics, water flows from higher to lower levels until equilibrium is reached.
In the electrical domain, the developed controller adjusts each unit’s terminal
voltage as a function of its SoC, thereby creating slight, controlled voltage dif-
ferences that drive energy transfer from higher SoC units to lower-SoC units
until balance is achieved. Once SoCs have equalized, they remain aligned even
as generation or load changes occur, as all units respond proportionally to devia-
tions in the shared bus voltage. No communication infrastructure or centralized
data processing is required; local voltage measurements suffice to achieve self-
organized, system-wide energy balancing.

A central feature of the SoG concept is that local voltage deviations aggregate
into a shared DC-bus signal. A positive offset within admissible bounds indi-
cates a predominantly high system SoC, whereas a negative offset indicates an
energy deficit. This self-organizing behavior enables continuous adaptation to
the collective energy state without external commands.

Originally conceived for DC microgrids, the SoG concept extends naturally to
hybrid AC/DC systems. On the AC side, the same information can be conveyed
by small frequency setpoint variations. A higher SoC corresponds to a slightly

56



3.2 Mapping of Internal Energy States

higher reference frequency, prompting the unit to supply more active power
to the grid. Conversely, a lower SoC results in a slightly reduced frequency
reference, leading the unit to decrease its output or even absorb power when
required. At the IC, this mapping defines the direction of energy exchange
between the DC and AC subsystems. A reference frequency slightly above
nominal indicates surplus energy on the AC side and results in power export to
the DC side. A reference frequency slightly below nominal setpoint indicates an
energy deficit and results in import from DC to AC. In this way, small bounded
frequency offsets realize decentralized coordination and support synchronized
SoC balancing across distributed BESSs without explicit communication.

Based on the physical analogy and conceptual foundations above, the next sec-
tion introduces mapping functions that translate the internal SoC of distributed
BESSs into observable quantities, namely voltage on the DC side and frequency
on the AC side. These local quantities act as implicit coordination signals from
which a global indicator of the grid condition, the SoG, can be inferred in a
fully decentralized manner.

3.2 Mapping of Internal Energy States

Based on Section 3.1, this section defines the mapping laws that encode each
unit’s SoC as small, bounded offsets of its voltage (DC) and frequency (AC)
references. The mappings are local, static mappings that are monotone in SoC
and limited to permissible operating ranges.

3.2.1 SoC-to-Voltage Mapping (DC-Side)

On the DC side, the reference voltage of converter ¢ is modulated as

Vg = Vi 1+0M, forie{1,...,n}, (3.8)
’ SOCAJ
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where n is the number of BESSs connected to the DC-bus, V5 denotes the
constant baseline bus-voltage reference, SoC; € [0, 1] is the instantaneous SoC,
SoC; € [0,1] is the desired operating point (e.g., SoC; = 0.5 for 50 %), and
SoCa ; is the normalization factor of the mapping, specified in (3.10). The
dimensionless gain o € (0, 1) is a global mapping gain that sets the sensitivity
of the SoC to voltage mapping and bounds the maximum permissible voltage
deviation (e.g., 0 = 0.05 for £5 %) (see Figure 3.5). Using SoCa ; from (3.10),
the mapping remains within the admissible envelope,

Vi € [Vic(l—0), VBl +0)], 3.9)

and varies monotonically with SoC;. In particular, the mapping is affine and
therefore globally Lipschitz continuous on [0, 1] with the Lipschitz constant
L; = (V3¢0)/SoCa ;.

3.2.1.1 Normalization Factor SoCax ;

The factor SoCa ; rescales the instantaneous deviation from the reference SoC;
relative to the admissible operating interval [SoCI™™, SoC™**] such that the
normalized deviation lies in [—1, 1]. This yields symmetric weighting of positive
and negative deviations even if SoC] is not centered in the admissible range.
The normalization factor SoCx ; is defined as

SoC"** — SoCy, if SoC; — SoC} > 0,
SoCa,; = . (3.10)
SoC; — SoCj™™,  otherwise.

This definition ensures that, for all SoC; € [SoC™™", SoC], the normalized

deviation satisfies .
SoC; — SoC;

SOCAﬂ‘

Note that SoCp ; is constant for a given sign of the deviation and switches

€ [-1,1]. (.11

its value only at SoC; = SoC]. The resulting mapping in (3.8) is therefore
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continuous and strictly monotone, while its derivative may be discontinuous at
SoC;.

Figure 3.4 illustrates the effect for two converter-integrated BESSs with dis-
tinct references SoC] and SoCj3. In the symmetric case (left), SoC] = 0.5
corresponds to the midpoint. In the asymmetric case (right) with SoC; > 0.5,
the headroom above the reference is reduced. Without normalization, a positive
deviation above SoC’; would induce a larger control action than an equally sized
negative deviation.

AVDC ref A

max
777777777777777777777777777 Vimex Lo

.
7777777777777777 Vi b

,,,,, min | ___ _
VDC

. . s
- >
min SoC5 SoC™** SoCy

Al----

SoC; SoCmax SoC; go(min So

Figure 3.4: Illustration of the necessity of the normalization factor SoCx ; for two BESSs with
different reference values. Left: symmetric case with SoC] = 0.5. Right: asymmetric
case with SoC3 > 0.5. Without normalization, the slope for SoC2 > SoC3 would
be significantly steeper, leading to excessive voltage deviations V3 B2 while the slope
for SoC2 < SoC% would remain too shallow. The normalization compensates for this
and ensures uniform control sensitivity. Adapted from [J7].

The factor SoCa,; compensates this asymmetry and restores uniform control

sensitivity.

3.2.1.2 Selecting the Mapping Gain o
The mapping gain o bounds the relative offset of the reference voltage. It must
be selected to respect the admissible voltage envelope, to preserve time-scale

separation with the inner voltage loop, and to ensure observability relative to the
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measurement noise floor. Figure 3.5 illustrates how the chosen ¢ maps the SoC
trajectory into the voltage reference V% ,: larger o increases both the steady
offset and the ramp slope.

*
VC,Biz\

SOCi rL
29

>
. t
VC,B‘[,J\
TS
X
y o
t .

\
?
t

Figure 3.5: Effect of the mapping gain o on the mapping of the battery SoC; into the output
voltage VC*,B ;- The left side shows a representative time profile of the battery SoC.
The right side illustrates how different values of o influence the voltage mapping (top:
o = 0.2, bottom: ¢ = 0.05). Larger values of ¢ result in stronger voltage deviations.
Adapted from [J7].

First, the voltage envelope imposes hard bounds. With admissible bus limits
Vinin and Vinax and nominal voltage V3, the constraint

Vmax Vmin
o < min{ — =1, 1—-— } (3.12)
Vb Ve

guarantees V¢ p; € [Vinins Vimax) €ven at the extremes of the mapping.

Second, time-scale separation requires the SoC-driven reference to vary slowly
compared with the closed-loop voltage dynamics. Let 5; := sup, |[SoC;(t)| be a
bound on the SoC rate and let w,, denote the closed-loop bandwidth of the inner
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voltage control. From the mapping law, the derivative of the projected voltage
is bounded as
Voo .

’VS,Bi| < SoCas 5. (3.13)

To keep the mapping quasi-static for the inner loop and to enforce Assump-
tion 3.1, requires

JV* _ *
ﬁ 5 < ywy Vi, (3.14)
which is equivalent to
o< M_ (3.15)
Si

Thereby, v > 0 denotes the admissible relative ramp-tracking error of the
inner voltage loop. Under this condition, the reference varies more slowly than
the inner-loop dynamics, and the ramp-tracking error is bounded by v V3-. A
practical choice is v € [0.05, 0.1], corresponding to at most 5-10% relative
tracking error during worst-case SoC-induced ramps and matching the common
design heuristic of at least one decade time-scale separation.

Finally, observability requires that the smallest effective offset exceeds the mea-
surement noise floor. If V,, denotes this noise floor, the condition

oVie = kyVa,  ky €[5, 10], (3.16)

must be satisfied, where k, represents a safety margin factor. This constraint
ensures that the minimal offset remains discernible despite measurement noise,
typically ensuring the offset is several times larger than the effective measure-
ment noise level.

In practice, o must satisfy all three requirements simultaneously, leading to the
joint constraint

o < (3.17)

kv Vn . { Vmax Vmin Wy SOCA i }
< min ¥ ~ 5.

* * ) * ) —
DC DC Vbe Si
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3.2.1.3 Desired Operating Point SoC

The parameter SoC; in Equation (3.8) defines the bias of the normalized de-
viation (SoC; — SoC;) and thereby determines the equilibrium point around
which the reference voltage V(3 ; is modulated.

Intuitively, SoC sets the vessels height in the hydraulic analogy (see Figure 3.6):
increasing SoC; reduces V¢’ ; for a given SoC;, thereby decreasing the unit’s
tendency to discharge. Conversely, a lower SoC; increases V¢ p; and prompts
stronger power injection. Thus, relative differences in SoC; among BESS units
shape the steady-state power sharing without requiring communication, while
the local mapping law itself remains unchanged.

To ensure meaningful modulation and avoid excessive sensitivity due to the
normalization (see Equation (3.10)), the desired operating point should remain
well within the permissible bounds SoC} € (SoC™™", SoC*¥),

In practice, the setpoints SoC; also serve as tuning parameters in higher-level
control layers, enabling the implementation of energy policies such as reserve
maintenance, prioritization, or cycling constraints. These supervisory updates
must be significantly slower than the local voltage control loop. Piecewise-
constant scheduling on the order of minutes has proven sufficient.

(a) Communicating vessels. (b) Battery interaction on a DC-bus.

Figure 3.6: Hydraulic analogy and DC implementation. Modifying the desired SoC operating point
SoC7 shifts the projected voltage V% 3, altering the local charging or discharging
tendency, while the mapping law itself remains unchanged.
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3.2.1.4 Control Structure of the SoC to Voltage Mapping

Figure 3.7 shows the realization of the SoC-to-voltage mapping for a converter-
integrated BESS. The estimated SoC is translated into a voltage reference that
encodes the unit’s relative energy state and enables implicit coordination via
the shared DC-bus.

The SoC estimator (see Section 2.2.2) provides the value SoCg;, which is
used to compute the voltage reference V(i g, according to the mapping rules
in (3.8) and (3.10). In this way, the internal energy status is projected onto a
locally measurable electrical quantity, enabling implicit coordination through
the shared DC-bus.

Accurate tracking of the voltage reference is achieved by a cascaded controller
structure. The outer voltage loop determines the battery current reference if;,

SoC *
. © . SoCg1 | SoC-V Mapping Vémi
Estimation > Eq. (3.8)-(3.10)
Eq. 2.1) d- 129070
Kp1, Kin Kpo, K;
li PWM <dB1 j ( : iB j
SoCo1 ip1 B UB1 -, 1:”” } -
: LB1 \ 'B1 /F 777777 N ' 3 §31 :
Rp 3 I l7C | |
! [ g1 T A N
VB1 | JW} Cg1 Vet | Vbe
! uB1 — | N
Vi T | |

Bidirectional DC/DC Converter

Figure 3.7: Detailed decentralized control scheme for a converter-integrated battery in a DC micro-
grid. The SoC-V droop mapping (Equations (3.8)—(3.10)) generates a voltage reference
based on the estimated SoC (Equation (2.1)). This reference is tracked by cascaded
PI voltage and current controllers, which drive the bidirectional DC/DC converter.
Adapted from [J1].
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which is tracked by the inner current loop. The resulting control signal is
translated into PWM gating signals for the bidirectional converter. This control
hierarchy ensures that the terminal voltage Vi g1 closely follows V: 5, thereby
allowing the unit to modulate the common bus voltage according to its SoC.

Two implementations of the cascaded voltage and current control are investi-
gated:

* An outer-loop proportional voltage control with an inner-loop PI current
controller;

* An outer-loop PI voltage control with an inner-loop PI current controller
(hereafter referred to as the PI-based SoG controller).

Comparative performance is assessed experimentally in Section 5.3. Design
and implementation details for the voltage and current loops are provided in
Appendix A.1.

3.2.2 SoC-to-Frequency Mapping (AC-Side)

As outlined in Section 3.1, the SoG concept encodes the local SoC as a small,
bounded offset of the frequency reference on the AC side. Under the classical
active power-frequency characteristics in distribution grids?, a slightly elevated
frequency setpoint biases a GFM unit toward exporting active power, whereas
a reduced setpoint favors import. Leveraging this property, the frequency refer-
ence of the jth battery-side inverter is defined as

SoC; — SoC;

f5; = fac <1 +o 500 ) , forje{l,...,m}, (3.18)
where m is the number of BESS inverters on the AC side, fj is the constant

baseline frequency reference, and o € (0, 1) is the dimensionless mapping gain

2 This formulation assumes a predominantly inductive AC grid impedance (see Assumption 3.2).
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introduced in Section 3.2.1. The normalization factor SoCa ; > 0 is defined
identically to (3.10), ensuring symmetric treatment of positive and negative SoC
deviations even if SOC; is not centered in the admissible range.

The mapping in (3.18) is affine in SoC;, centered at SOC;, strictly monotone,
and bounded by design. It is the formal counterpart of (3.8) with the replace-
ments Vi — fic and V&g, — f . Using a common o across domains
preserves a consistent SoG encoding. If domain specific tuning is required, a
dedicated oy can be introduced on the AC side and selected according to the
AC analogue of the DC feasibility bound (3.17), namely

k n . max min SoCa,j
f*f gafgmm{f* _171_f* |, wr8%Ca,
fic fic fic Sj

which is obtained by applying the same design arguments as those used to derive

} . (3.19)

(3.17), namely observability with respect to the frequency measurement noise
floor, compliance with the admissible frequency envelope, and preservation of
time-scale separation in the inner frequency loop, formulated for frequency
domain quantities.

3.3 Inverse SoG Mapping

While the mappings defined in Equations (3.8) and (3.18) are applied by BESSs
to project their internal SoC into observable grid quantities, namely voltage and
frequency, the inverse mapping enables all other components to reconstruct a
representative system condition, referred to as the SoG, from these quantities.
Each unit observes the DC-bus voltage V¢ or grid frequency fac and applies
the inverse mapping to estimate a representative indicator of the aggregated
energy balance. This estimation can then be used to regulate power transfer
between interconnected microgrids, such as between DC and AC microgrids
(see Section 3.4), to provide adaptive frequency support (see Section 4.1), or to
coordinate flexible loads (see Section 4.2). The mechanism requires no explicit
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communication and forms a cornerstone of the proposed decentralized control
concept for hybrid AC/DC microgrids.

3.3.1 Definition of SoGpc

Inverting the DC side mapping law (3.8) yields the DC side SoG,

SOGDC,]C = SOG]*DC,k + 7SOGA’k < Vi

— - 1> , vk e IC, (3.20)
o Vic

where K denotes the index set of components that evaluate the inverse mapping
at their local DC terminals (e.g., ICs between microgrids, GSLs, VSMs). For
each k € K, Vj is the locally measured DC-node voltage at the component
terminals. The term SoGp ; is a defined nominal reference, whereas the
factor SoGa 1, serves as a normalization factor, defined analogously to (3.10)

as

SoGi™ — SoGy, if SoGpc x> SoGy,
SoGay = ' 3.21)
SoGj, — SoGi™,  otherwise,

ensuring symmetric sensitivity to positive and negative SoC deviations. The
parameter ¢ # 0 is the DC-side mapping gain used in (3.8). A higher value of
SoGpc,; indicates a surplus of available storage in the system, whereas a lower
value indicates a deficit.

Equation (3.20) yields a meaningful estimate if the locally measured voltage
Vi is a reliable proxy for the common bus state. This requires (i) selecting the
mapping gain o in accordance with the envelope and time scale conditions
in (3.12) and (3.14), and (ii) ensuring that topological asymmetries are either
small or explicitly compensated. Unequal line resistances bias the shared bus
voltage and can distort the consensus signal. The impact of heterogeneous cable
impedances on SoG-based coordination is analyzed in [J1] and corroborated
experimentally.
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3.4 SoG-Based AC-DC Coupling

3.3.2 Definition of SoGac

In analogy to the DC-side inverse mapping in (3.20) and obtained by algebraic
inversion of the forward frequency mapping (3.18), the AC-side SoG at converter
node [ is defined as

SoGacs = S, + SOiA,l < i

— — 1) , Vie L, (3.22)
fic

where £ denotes the index set of components that evaluate the inverse AC-side
mapping at their local AC terminals. For each [ € L, f; is the locally estimated
grid frequency (after PLL/filtering) at the component terminals. Moreover, f3
is the nominal frequency and SoGa; is the AC-side normalization factor,
defined analogously to (3.21). A slightly positive bias in f; indicates a tendency
toward active power export, and a negative bias indicates import, consistent
with the classical P-f characteristics in grids with predominantly inductive
impedance (see Assumption 3.2).

Equation (3.22) provides a reliable estimate if (i) o satisfies (3.19) and (ii) the
local frequency is estimated with adequate accuracy. Harmonics and switching
transients must be attenuated by a robust PLL or suitable filtering so that the
smallest induced offset remains above the measurement noise floor.

3.4 SoG-Based AC-DC Coupling

The active power transfer between DC and AC subsystems is governed by the
difference in their respective SoG quantities, SoGpc,; and SoGac,;, which
are reconstructed from local SoC measurements using the inverse mappings
introduced in Section 3.3 (cf. Equations (3.20) and (3.22)). These normalized
values serve as locally computable indicators of the subsystem energy states.

A higher SoG value in one domain signifies a relative surplus, whereas a lower
value in the other domain indicates a deficit. This motivates defining a coupling
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law such that the active power transfer commanded to the IC is proportional to
the SoG mismatch. With the sign convention that a positive reference ;; > 0
denotes power flow from DC to AC, the mismatch is defined as

ASOGM = SOGDC,k - SOGAC’Z. (3.23)

This quantity serves as the driving signal for the active power exchange. To scale
the response in accordance with the converter rating, the proportional control
law is introduced as

Pkl = KPASOGM. (324)

To achieve zero steady-state error in the cross-domain SoG alignment, the
proportional law in (3.24) can be extended to a PI structure:

t
P (t) = KpASoGy(t) + K / ASoCyy (1) dr, (3.25)
0

where K > 0 is the integral gain.

To mitigate chattering® near equilibrium and ensure compliance with the con-
verter rating, a deadband and saturation are applied,

Py = sati—ppe, P (DPI"C““ (P kl)) ’ (3:20
with

0, |z|] <A,

DA (.T) =
x, otherwise,

sat[q ) (z) = min{ max{w,a}, b}. (3.27)

Thereby, Pi&** denotes the rated converter power, and Pig™ > 0 defines a small
deadband that filters out minor fluctuations caused by measurement noise or

3 Chattering refers to high-frequency switching around a decision boundary, which increases

losses and device wear and can degrade closed-loop performance [144].
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3.4 SoG-Based AC-DC Coupling

ripple. By construction, P, > 0 denotes power export from DC to AC, whereas
P}, < 0 indicates import.

The resulting control scheme is illustrated in Figure 3.8. It visualizes the decen-
tralized processing of local SoC measurements, the SoG mismatch computation,
and the generation of the active power reference I;, which is tracked by a IC
controller such as a VSM.

SOGL(:i iSOG:\n:

SoGpe SoG Control SoGac
Eq. (3.20) Eq. (3.26) Eq. (3.22)
A
! LPAZ fac

Current Control PLL

DC
Grid

Cie | Cw | Cla

Figure 3.8: Control structure of the SoG-based DC/AC IC. The SoG values from the DC and AC
domains (SoGpc,k, SoGac,) are obtained through inverse mappings (see (3.20),
(3.22)). Their mismatch ASoGy,; generates the active power reference P}, according
t0 (3.26). By convention, P;5; > 0 indicates power flow from DC to AC. The reference is
tracked by a GFM loop (e.g., a VSM) that issues the modulation commands d, dp, de.

To better understand the behavior of the proposed control law, the resulting
mapping from SoGpc,; and SoGac, to the power reference Py is visualized
in Figure 3.9.

This three-dimensional surface illustrates how the active power reference
emerges from local SoC values via the projection and inverse-mapping scheme.
The SoC values are first projected to voltage and frequency references based on
Equations (3.8) and (3.18) (red and blue curves in Figure 3.9). These references
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are then mapped back to the normalized SoG quantities using (3.20) and (3.22),
and their difference determines the power reference via (3.26).

The surface highlights key operating regions: a high DC-side SoG and low
AC-side SoG yield positive P;; values (yellow), corresponding to power export.
The opposite configuration results in negative values (blue), representing power
import.

Dashed lines in the figure trace an example where SoCpc = 0.3 and
SoCac,; = 0.6. This path follows the projection to local references, recon-
struction of SoG values, and final combination to yield the normalized power
reference. The resulting point on the three-dimensional surface exemplifies how
the converter behavior is fully determined from local information.

0.75 /1 1
b Fom 05 T 0.75
) Eq. (3.22) 005 . -..0.5

= -- 7 -,Eq. (320 .
Srom /»V/SS)«GAG”L 0 §9\<\\\ ) Vimax Vie
SoGper  vgem
I Vi L

SoC 1

Figure 3.9: SoG-based coupling function: three-dimensional mapping from SoGpc and SoGac
to the normalized power reference P,/ P{&**. A high SoGpc combined with a low
SoG a ¢ results in DC/AC export (yellow surface region), whereas a low SoGpc with
a high SoG A ¢ leads to AC/DC import (blue surface region).
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3.5 Stability Analysis of the SoG-Based
Control Scheme

This section establishes the local exponential stability of the closed-loop SoG-
based control system using Singular Perturbation Theory. The analysis follows
Theorem A.8.1 in Appendix A.8, which is aligned with the structure of Theo-
rem 11.4in [72].

The closed-loop dynamics are first reformulated as an equilibrium-shifted non-
linear state-space model that incorporates the local control laws. By scaling the
proportional and integral gains of the embedded PI voltage controller with a
small parameter € > 0, the system is cast into a standard singularly perturbed
form with explicitly separated time scales.

Following the procedure in Theorem A.8.1, the proof proceeds by decomposing
the dynamics into a reduced-order (slow) subsystem and a boundary-layer (fast)
subsystem. Regularity of the slow manifold is verified, and local exponential
stability of the reduced subsystem is demonstrated using Lyapunov theory. To
obtain dimensionally consistent design conditions, a per-unit normalization with
respect to the equilibrium DC-link voltage is introduced later in this section.
Uniform exponential stability of the fast subsystem about the slow manifold
is established by a separate Lyapunov estimate. Altogether, the five technical
conditions required by the Singular Perturbation Theorem are verified.

In addition, structural properties of the physical system imply forward invariance
of a compact, physically admissible domain. In particular, saturating integrators
enforce bounded SoC trajectories, and the DC-link voltage remains strictly
positive, which guarantees that all closed-loop signals are well-defined*. As a
consequence, the equilibrium is semiglobal.

4 In this context, the term “well-defined” indicates that all closed-loop quantities and associated

mappings are single-valued and finite over the domain of interest, such that no singularities or
ambiguities arise [145].
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3.5.1 System Modeling and State-Space
Representation

To analyze the dynamic behavior of the DC microgrid, a reduced-order equiva-
lent circuit model is employed, as depicted in Figure 3.10. The model retains the
components and couplings that are essential for control and stability analysis.

. N -/
1 = “B1 are} =
1% v R! Voo 7
Bl C.B1 Bl DC

i 1 v
B2 = ‘B2 agg = 'agg

Vio Vepe Ry, . Ry, Ve.age Vage
DC = Ve

Figure 3.10: Reduced equivalent circuit of the considered DC microgrid, comprising two BESS
units and a bidirectional IC. The combined influence of PV generation and local

demand is modeled by an aggregated current source i;gg. Adapted from [J1].

Each BESS unit ¢ € {1,2} is interfaced to the common DC-link capacitor
Cpc through its own bidirectional DC-DC converter. The converters regulate
the branch output voltages V¢ g, relative to the DC-link voltage Vpc. The DC
microgrid is interconnected with the AC side via a bidirectional IC that controls
the power exchange.

On the DC side, the PV generation and local demand is represented by an
aggregated current source iggg, defined as
iggg =iL4 — ipv, (3.28)

where ipy denotes the aggregated current generated by the PV subsystems and
irq the current drawn by local loads. This abstraction captures the net current

injection into the DC-bus and reflects the dynamic behavior of prosumers. A
!

agg
indicates net power injection from the PV subsystems.

positive ... corresponds to load-dominant conditions, while a negative value
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Applying Kirchhoff’s laws and incorporating the Coulomb Counting approach
(see Section 2.2.2) for modeling the SoC and the DC-bus voltage dynamics, the
following nonlinear differential equation system is obtained:

d 1 (Venpi _VDC> Vesi .
—SoC; = — : — de{l,2}, (3.29a)
dt QBi ( Ry, VBi {12}
d 1 Vesr — Voo o Vese — Voo . .
£VDC = o < . + " — e T Zic) , (3.29b)

where (Jp; denotes the nominal capacity of battery i, Vp; its open-circuit
voltage, Vi g; the capacitor voltage in the equivalent circuit, and Rf;; the corre-
sponding resistance parameter. Furthermore, Cp¢ is the DC-link capacitance,
and ], the IC current injected into the DC-bus.

Assuming a stiff AC grid’ at the PCC and operation at nominal frequency, that is
fi = fic» the AC-side inverse mapping in (3.22) yields SoGac,; = SoGj¢ ;-
Together with the DC-side inverse mapping (3.20) and the setpoint alignment
SoGhe,; = SoG e > the SoG mismatch is reduced to

ASoG = SO(j_A”“ (VQC _ 1) . (3.30)
DC

Neglecting deadband and saturation effects, the SoG-based PI power refer-
ence (3.25) is given by

t
Pkl(t) = kp (VDc(t) — VSC) + kz/ (VDc(T) — VSC )dT, (3.31)

to
with
SOGA’;C ki _ K] SOGA’k

k, =K .
g " oVie 7 aVie

(3.32)

> Astiff AC grid implies that voltage and frequency remain essentially constant, which represents

a strong grid with negligible internal impedance [146].
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Hence, the control law is reduced to the standard form of a PI controller acting
on the DC-link voltage deviation e,,. The corresponding IC current is

B Py (t)
Vbo (t) '

ia(t) = (3.33)

Equations (3.29a) and (3.29b) constitute the nonlinear physical model that forms
the basis for the subsequent control-oriented reformulation.

Before introducing the control-theoretic notation and variable mappings, the
following standing assumptions are made to ensure physical validity and to
streamline the stability analysis.

3.5.1.1 Standing Assumptions

The following assumptions are introduced to ensure model validity and to
establish the mathematical consistency required for the stability analysis.

Assumption 3.4 (Strictly positive DC-bus voltage). For allt > 0, the follow-
ing condition holds:
Vpel(t) > 0. (3.34)

This assumption ensures that the DC-link voltage remains strictly positive at
all times. It preserves the physical validity of the model and guarantees that the
control input uz = Py /Vpc is well-defined.

In practice, Assumption 3.4 is inherently satisfied due to the structural properties
of the converters and the unidirectional current conduction enforced by the
freewheeling diodes (see Figure 2.1). When all active switches are turned off,
the diodes maintain a current path toward the DC-bus, ensuring that the DC-
bus voltage cannot fall below the minimum voltage of the connected sources.
Neglecting the small forward voltage drop of the diodes (typically about 0.7 V),
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3.5 Stability Analysis of the SoG-Based Control Scheme

the DC-link voltage is bounded from below by the smallest source voltage at
any time:

VDc(t) Z miH(VBl(t), VBQ(t), VPV(t), VAC(t)) > 0, Vit 2 0. (335)

This inherent property of the system guarantees that Vpc(¢) > 0 under all
realistic operating conditions, provided that at least one of the sources (e.g.
BESSs, PV, or AC grid) remains energized. The trivial case where all sources
and the AC grid are simultaneously disconnected or de-energized is excluded,
since stability analysis in such a scenario would be meaningless and falls outside
the practical operating domain of the system.

Assumption 3.5 (Bounded SoC). Each battery SoC remains within a physically
meaningful range:

SoC;(t) € [SoC,;, SoC;] C [0, 1]. (3.36)
This assumption prevents overcharging or deep discharge of the storage units.

To enforce this boundedness, a saturating integrator is embedded into the SoC
dynamics, following the method proposed in [147]. Concretely, the dynamics
of SoC; are modified to:

4

:80C; = .7(SoCi i), fori € {1,2}, (3.37)

where p denotes the nominal input signal, and . (z, p) is defined as
max{0,ig;}, SoC; < SoC,,
S (S0Ci,ipi) = { ipi, SoC; € (SoC;,S0C;), (3.38)
min{0,ig;}, SoC; > SoC;.

Atthe lower boundary (SoC; < SoC,), the saturating integrator uses max{0, iz ; },
which zeroes negative inputs and thus prevents further decrease below SoC,. At
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the upper boundary (SoC; > SoC;) it uses min{0, ig, }, which zeroes positive
inputs and thus prevents exceeding SoC;. Inside the interval, the integrator
evolves according to %SOCi = iB;.

This modification ensures that the SoC trajectories remain confined to the
physically meaningful domain [SoC, SoC] at all times while preserving the
stability properties of the singularly perturbed closed-loop system, as shown
in [147].

Although the SoC dynamics are implemented with a saturating integrator to
enforce boundedness, the saturation limits do not correspond to valid equilib-
rium points. As shown in (3.46) and (3.41), the steady-state condition u; = x5
implies SoC; = SoC;, which lies strictly within the admissible range.

At the boundaries, the integrator halts further excursions but cannot maintain a
steady-state. The stability analysis therefore focuses on the unsaturated dynam-
ics, which govern the relevant local behavior.

In the next step, the control laws are embedded and the dynamics are transformed
into an equilibrium-shifted state-space representation with explicitly separated
time scales, which enables the singular perturbation analysis.

3.5.1.2 Transformation into a Control-Oriented Structure

To facilitate analysis and controller embedding, the physical model is refor-
mulated in control-oriented notation. The state vector is defined as = :=
[x1, T2, T3, 74] ", where 71 and 75 denote the normalized SoC of the two BESS
units (dimensionless), x5 is the DC-link voltage, and x4 = ¢ is the PI integrator
]T

)

state of the DC-link voltage error. The control inputs are u := [u1, ug, us
where w1 and uo are the controlled output voltages of the two bidirectional
DC-DC converters (Vo g1 and Ve o), and us = Py, is the active power set-
point of the IC. Consistent with (3.40b), the sign convention is such that uz > 0
extracts power from the DC-bus (DC—AC), which enters as the negative current
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term —us/x3 in (3.40b). The disturbance is defined as z; := i;gg. The admis-
sible domain defined by Assumption 3.4 and Assumption 3.5 implies zz > 0
(cf. Equation (3.34)) and bounded SoC states x; € [z, T;] C (0, 1) (cf. (3.36))

for i € {1,2}, ensuring the well-posedness of all control and system equations
within the physical operating range.

An overview of the mapping between physical quantities and control-theoretic
variables is given in Table 3.2.

Table 3.2: Mapping of physical quantities to control-theoretic variables.

Physical  Control-Theoretic Operating

Variable Type Notation Notation Range
State Variables SoCi 2 T12 [0,1]
Vbe x3 RT\ {0}
3 T4 R
Control Inputs Ve 1, Vo B2 U1, zi[l—o, 1+ 0]
Py U3 [P, e
Disturbance Tnge 21 [—Ipos, iPex]

With the shorthand notation

1

= — e {1,2 3.39
QBrLR%ZVBly 7’6{ ’ }7 ( )

(673

the closed-loop dynamics take the compact form

. 1 Uy — T3 Uz — T3 usz

_ LU 3.40b
xr3 CDC ( R/Bl + R,B2 73 Zl) ) ( )
by = 75— a5, (3.40c)
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The term us/x3 is the IC current contribution and is well-defined on the ad-
missible domain x5 > 0 (cf. Assumption 3.4).

The SoG-based voltage references for the battery-side converters are imple-
mented as (cf. Equation 3.8):

. rp— T .
u; = g (1 +0 SZOCM) .de{l,2}, (3.41)

where 2§ = 23 is the equilibrium DC-link voltage, whose derivation is given
later in this section, o € (0,1) a global mapping gain, and SoCa ; € (0,1] a
normalization factor. Choosing the constant scale x§ (rather than the instanta-
neous x3) avoids multiplicative couplings in (3.40) and simplifies the subsequent
stability analysis.

The IC controls the DC-link voltage using a local PI controller, given by
Uz = k'p(xg — Z;) + kix4, (342)

which corresponds to the SoG-based power control law given in (3.31).

Equations (3.40)—(3.42) describe the embedded closed-loop dynamics in a com-
pact form that facilitates controller embedding and subsequent analysis. In the
next step, the equilibrium point is explicitly characterized and the system is
reformulated in deviation coordinates around this equilibrium.

3.5.1.3 Equilibrium Point

To determine the equilibrium operating point of the system, the time derivatives
in the nonlinear state-space model are set to zero. This yields a set of algebraic
equations that describe the steady-state behavior of the system. The control
laws used for this analysis correspond to Equations (3.41) and (3.42), where the
control inputs are explicitly expressed as functions of the system states.
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The steady-state condition of the integrator state in Equation (3.40c) yields
fy=a25—25=0 = af=uaj, (3.43)

which implies that the steady-state output of the PI controller defined in Equa-
tion (3.42) is simplified to

us = (ky(z§ — 23) + kizl) = kia = a5 = % (3.44)
7

For the battery states x1 and x5, the steady-state of the nonlinear dynamics
yields

= —oju; (ug—a5) =0 = wu; €{0, 25}, i€{1,2}. (345

The candidate u; = 0 is inadmissible because the input is restricted to the
operating range u; € Vj5-[1 — 0, 14+ 0] C Ry (see Tab. 3.2), hence u; # 0
and necessarily

u; = x5, ie€{1,2}. (3.46)

Substituting this into the SoC control law (3.41) yields the steady-state condi-
tion:

e xy —x] e
u; = x4 (1 +o SZOCA;) = zf§, (3.47)
26 _ ¥
= ? t—0 = ¢ = g* j 1,2}, 3.48
SoCas xf =ux], ie€{1,2} (3.48)

For the voltage dynamics, the steady-state condition of Equation (3.40b) reads:

. 1 UL — T3  Us — T3 U3
_ - = =0. 3.49
" Cpc ( Ry, - Ry, T3 Zl) ( )
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With (3.43) and (3.47), this simplifies to:
1 ug e e
3 )= = u§=—z715. (3.50)

Substituting this into Equation (3.44) yields the equilibrium value of the integral
state:

(3.51)

Based on the previous derivation, the equilibrium point of the closed-loop
system is given by:
o =ai, af=a5 af =g,

e 52
_2’1373 e __ e __ _e e _ e (35)
L Uy = Uy = T3, U= —21T3.
4

g =

This equilibrium is fully defined by the reference values of the SoC variables
(7, z5) and the voltage setpoint x3. The integral state 2§ compensates for the
constant disturbance z; through the PI control action, thereby ensuring that the
DC-link voltage remains regulated at the desired level. The converters outputs
w1 and ug match the steady-state voltage, while u3 represents the power required
from the IC to balance the aggregated DC-side load.

3.5.1.4 Coordinate Transformation and Reformulation in Error
Coordinates

In preparation for the singular perturbation analysis, the nonlinear closed-loop
system is reformulated around the previously derived equilibrium point (3.52).

The system is reformulated by introducing the error coordinates

Zi(t) := x4 (t) — xf, (3.53)
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3.5 Stability Analysis of the SoG-Based Control Scheme

where T = (&1, 22, T3, ;%4)—'— denotes the vector of state errors from equilib-

rium.

Substituting the error variables into the control laws (3.41) and (3.42) yields:

u = 25+ Bi &, B; = Sggi ie{1,2}, (3.54a)
Uz = u§ + kp T3+ k; Ty, u§ = —21 l‘g. (3.54b)

Substituting (3.54a)—(3.54b) into (3.40) and subtracting the equilibrium rela-
tions in (3.52)

T = —ay [(a:?, + Bri)” — (x5 + B131) (T3 + a:g)} , (3.552)
Ty = —ap {(mg + Boia)? — (2§ + Poia) (3 + xg)} , (3.55b)
i 1 {5151 — &3 | Polia — &3 kpTz A kily ; T3 }
3 CDC RIBI RGB’Z .’Eg + .’i‘g ! .’L‘g + .’Eg
(3.55¢)
T4 = T3. (3.55d)

This transformed system in error coordinates serves as the basis for the sub-
sequent singular perturbation-based stability analysis. It enables a structured
decomposition into slow and fast subsystems and facilitates the application of
the Lyapunov-based proof techniques discussed in Section 3.5.2.

3.5.2 Stability Analysis Using Singular Perturbation
Theory

This section analyzes the stability of the shifted nonlinear system using Singular
Perturbation Theory. The method follows the structure of Theorem 11.4 in [72],
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3 The State-of-Grid Control Concept

which provides sufficient conditions for the exponential stability of singularly
perturbed systems.

3.5.2.1 Time-Scale Separation and System Transformation

To express the system in singularly perturbed form, the proportional and integral
gains of the embedded PI controller are scaled with the small parameter £ >
0 [148, 149]. The gain parameters are defined as

, kp, >0, k; >0, (3.56)

where Ep and k; are arbitrary positive design constants. This scaling requires
the controller gains to increase on the order of 1/¢, without implying identical
magnitudes. Since the subsequent derivations and stability conditions hold
for arbitrary k,, k; > 0, the analysis is restricted to the representative case
k, = k; = 1, which simplifies the notation without loss of generality.

Substituting these expressions into the dynamics of 3 yields

i 1 - 515?1—5?3+525?2—9~U3_Z1 Z3 T3+ 3y
3 CDC R/Bl R%Q ZL'§ -+ i’g fi‘3 + {E§3 57)

Introducing the substitution z¢ := T3, the fast subsystem can be expressed as

etr = g(xr, 7) (3.58)
1 B1T1 —x¢  Bola — x¢ T Tf+ Ty
= € S + S — 21— — = -
Chc RBl RBQ T3+ Tf Te + x5
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3.5 Stability Analysis of the SoG-Based Control Scheme

3.5.2.2 Reduced (Slow) Subsystem

In the singular perturbation limit € — 0, the fast dynamics are assumed to settle
instantaneously, leading to the algebraic constraint

(3.59)

N 1 Te+ T
0=g(ze, ) = [ L 4}

Cpc | xs + 2§

which implicitly defines the so-called slow manifold. For the considered system,

this condition yields
xs = h(Z) = —24. (3.60)

The manifold is well-defined and smooth locally for |Z4| < x§, which keeps
the denominator x¢ 4 x5 bounded away from zero. Moreover,

dg B 1

99 . S} 3.61
8If TE=—=T4 CDC (x§ — x4) 7& ( )

6 ensures that () is unique and continuously

so the Implicit Function Theorem
differentiable in a neighborhood of the origin. This ensures that the slow mani-
fold is well-defined and smooth, thereby satisfying the regularity condition (C2)

required by the Singular Perturbation Theorem.

Substituting the slow manifold into the remaining subsystem equations yields
the reduced-order system:

B = —aq (2§ + Bid1) (BrZ1 + 24) (3.62a)
Ty = —a (x5 + Paia) (B2Za + T4) , (3.62b)
Ty = —Xy4. (3.62¢)

©  The Implicit Function Theorem ensures the existence and differentiability of h() locally,
provided dg/0x ¢ # 0 (see, e.g., [150, p.223ff]).
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3 The State-of-Grid Control Concept

This reduced system characterizes the slow dynamics on the invariant manifold
and provides the basis for the subsequent stability analysis. System (3.62) ad-
mits algebraic fixed points at £, = 0 and ; € {0, —z§/5,;} for i € {1,2}.
These points represent candidate equilibria of the reduced system; however,
only those within the admissible operating region defined by Assumption 3.4
and Assumption 3.5 are feasible.

The case Z; = —x5/8; with 5; = ox5/SoCa ; > 0 leads to

lj SOCAJ‘

_5¢ g

Since o € (0, 1), it follows that |Z;| > SoCa ;, which violates the SoC domain
constraints. Hence, these equilibria lie outside the admissible region and are

(3.63)

excluded from the analysis.

Second, note that the condition z§ + 3;%; = 0 leads to vanishing input u; = 0,
which contradicts the input admissibility condition u; € 2§[1 — 0, 14 o] C
R~ . Thus, these points are likewise infeasible.

As a result, the only equilibrium point of system (3.62) within the admissible
operating region is the origin, i.e., T; = T2 = T4 = 0. The subsequent stability
analysis will therefore focus exclusively on this operating point.

3.5.2.3 Stability of the Reduced (Slow) Subsystem

The stability of the reduced system is examined using the quadratic Lyapunov
function candidate

o 1., 1., 9.
V (21, &, 34) = §x§ + ixg + 5@%, (3.64)

where 19 > 0 is a positive weighting parameter. The analysis is carried out in
the domain

D .= {(fl,i2,£4) S Rg ‘ |£1| < 1, |.fg| < 1}. (3.65)
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3.5 Stability Analysis of the SoG-Based Control Scheme

The time derivative of V' along the trajectories of the reduced system yields

V =— ay [2§6137 + 2§F184 + LT + f13774)

— g (2§82 + 2§ToTy + B35 + PodsTa)| — VF]. (3.66)

On the domain D (where |Z;| < 1 fori € {1,2}), the SoC-error monomials are
dominated by their quadratic terms. In particular, for i € {1, 2},

2% < |24, 2" < |22, (3.67)
which follows from the elementary inequality |r|™ < |r|™ for |r| < 1 and
m > n.

To obtain a dimensionless representation of the design conditions and to make
the dependence on the mapping gain explicit, the analysis introduces the fol-
lowing per-unit variables:

Ty B = Bi o
T4 = 2
z§’ z§  SoCa’

Ty = ie{1,2}, (3.68)

Substituting 3; = x$3; and &, = 2574 into the reduced system (3.62) yields

T = — oy (2§)” (1 + Bii) (Bi%i + Za), i€ {1,2}, (3.69)
i‘4 = — Iy4, (3.70)

The Lyapunov function employed for the reduced system is
V (31,80, 74) = 237 + 335 + 223, (3.71)

for which z, = —7, on the slow manifold.

85



3 The State-of-Grid Control Concept

The mixed terms involving 7,74 and 77, are bounded using Young’s inequality

|2:Z4| < ﬁx + — 5 x4, (3.72)
2 1, 0
5274] < o T+ 5 3. (3.73)

On D, the inequality |#;| < 1 for i = 1,2 implies |7;|* < 77 and |7,|* < #2.
Substituting these bounds into V' yields

261 20}
1 p i
- 0‘2@3) (52 - E - ﬁ - 5%) x%

- [19 ~ a2 ( G+ ) - aatap? (2 + 222 ]x (3.74)

0; = =, 8 =—=. (3.75)
/81 ﬁz
Conditions for all coefficient brackets in (3.74) to be strictly positive reduce to
_ 1 Bi o 3=
i ————— — [ == (1-2 7
Bim g5~y ~ A= B(-28), (3.76)

which are strictly positive whenever
0<Bi<i <= 0<o0<iSoCa,. (3.77)

With the same choice of §;, 8/, the 77 coefficient is positive if

?9>(l’§)2[ (61 1>+a2<ﬂl 1)]+€, £>0. (378
1 2
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3.5 Stability Analysis of the SoG-Based Control Scheme

Based on (3.77)—(3.78), the derivative V is strictly negative on D, which im-
plies asymptotic stability of the reduced system within the operation region D.
Moreover, the Lyapunov candidate V' is a positive definite quadratic function
and, under the same coefficient conditions, its time derivative admits the bound

V < —pV, forsome o > 0 and all (Z1,%2,%4) € D. (3.79)

This inequality confirms exponential stability of the equilibrium within the
admissible domain D. In the symmetric case SoC; = 0.5, the admissible
half-range becomes SoCa ; = 0.5. Substitution into (3.77) yields

o < 0.25, (3.80)
which corresponds to a maximum permissible voltage deviation of 25 %.

Remark (Semiglobal stability within the admissible domain). While the
stability analysis is formally restricted to the admissible domain D, the use of a
saturating integrator ensures that all trajectories remain confined within D for
allt > 0, as explained in Assumption 3.5. Hence, the equilibrium is semiglobally
exponential stable within the physically meaningful operating range.

3.5.2.4 Stability of the Boundary-Layer (Fast) Subsystem

In the context of Singular Perturbation Theory, the fast subsystem describes the
boundary-layer dynamics that evolve on the fast time scale 7 = ¢ /¢. Its stability
around the slow manifold is a crucial condition for the overall stability of the
singularly perturbed system.

Introducing the stretched time variable 7 = ¢ /¢, the fast subsystem dynamics

take the form B
dxs B 1 x4+ 24

dr Cpc xs + 2§’

(3.81)

where x¢ := T3 denotes the fast state, and z, is treated as a constant parameter
on the fast time scale.
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3 The State-of-Grid Control Concept

Assumption 3.6 (Bounded deviation from the equilibrium). There exists a
small positive constant § > 0 such that the fast state satisfies |z < 0 < 5.
This ensures that x¢ + x§ > 0 at all times, preserving the physical validity of
the system and guaranteeing that the denominator in (3.81) remains positive.

To analyze the stability of the equilibrium point ¢y = —2Z,4, the following
Lyapunov candidate function is considered:

1
V() = i(xf +i4). (3.82)

This function is positive definite with respect to the deviation from the slow
manifold, and it vanishes if and only if zy = —24.

Taking the derivative of V' (x¢) along the trajectories of (3.81) yields:

dl‘f 1

W a1
- ‘ dr CDC(.’L'f‘+$§)

d’T V(xf)

By Assumption 3.6 and Assumption 3.4, the term ¢ + x5 is uniformly bounded
by § — § > 0. Therefore, the reciprocal is bounded by:

1 1
>

. 3.83
re+x§  T§5+0 (383)

Consequently, the derivative of the Lyapunov function is upper bounded as

dv 1

— < =AV(z¢), with A\:=—7——=>0. 3.84

dr — ( f) CDc(.Z‘g +5) ( )
This inequality implies that V' (x¢) decays exponentially at rate A, ensuring that
the fast state zy converges locally exponentially to the slow manifold xf = —24.

Remark (Local nature of the stability result). The exponential stability of
the fast subsystem is established locally within the compact set defined by
Assumption 3.6. This restriction reflects the requirement that the deviation |x¢|

88



3.5 Stability Analysis of the SoG-Based Control Scheme

remains sufficiently small to preserve positivity of xr + x§ and ensures physical
feasibility.

The exponential stability of the boundary-layer (fast) subsystem about the slow
manifold is ensured within the admissible domain. In conjunction with the
stability of the reduced (slow) subsystem and the regularity of the slow man-
ifold, this forms the basis for applying the Singular Perturbation Theorem. A
verification of all five conditions (C1))—((C5) is provided in the following.

3.5.2.5 Verification of the Conditions in Theorem A.8.1

The Singular Perturbation Theorem applied in this analysis requires the ver-
ification of five technical conditions ((C1)—(C5)), defined in Appendix A.8.
Verification of the five technical conditions is provided in the following.

Regarding Condition (C1) (Equilibrium at the Origin). Inthe error coordinates,
the equilibrium point is shifted to the origin: £ = 0, x¢ = 0. By construction
of the state-space representation, f(¢,0,0,¢) = 0 and g(¢,0,0, ) = 0 hold for
allt > 0and ¢ > 0. Thus, (C1) is satisfied. L]

Regarding Condition (C2) (Existence of the Slow Manifold). Ate = 0, the fast
dynamics satisfy

- 1 x+2
0= g(t, &, a,0) = _CTcxier:' (3.85)
3

Under Assumption 3.4, the denominator remains positive. The unique solution
is & = h(t,T) = —Z4, which is smooth and satisfies h(¢,0) = 0. (C2) is
therefore fulfilled. O
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Regarding Condition (C3) (Smoothness and Boundedness of Data). Within the
compact domain

B,={i e R*||21],|%2| < 1, 23] < 2§ }, (3.86)

all polynomial and rational terms in f, g, h as well as their partial derivatives
remain smooth and uniformly bounded, due to Assumption 3.4 and Assump-
tion 3.5. Hence, (C3) holds. O]

Regarding Condition (C4) (Exponential Stability of Reduced System). Using
the Lyapunov function defined in (3.64), and under the parameter constraints
derived in (3.77) and (3.78), the time derivative satisfies

V< —\]|E)? (3.87)

for a certain Ay > 0, thus proving exponential stability of the reduced system.
Therefore, (C4) is satisfied. O

Regarding Condition (C5) (Exponential Stability of Boundary-Layer System).
Stability of the boundary-layer system was shown using the Lyapunov function
(3.82). Its derivative, as given in (3.84), satisfies
Ve (¢ +4)2 <0 3.88
Cocler o) Y (389
within the compact set |z¢| < dy < z§. Hence, the boundary-layer system is
uniformly exponentially stable, and (C5) is satisfied. O

Since all five conditions (C1)—(C5) of Theorem A.8.1 are verified, the overall
singularly perturbed system is locally exponentially stable around the equilib-
rium point.

Remark (Semiglobal practical exponential stability within the admissible
domain). The Lyapunov analysis establishes local exponential stability around
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the equilibrium. Due to forward invariance induced by the saturating integra-
tor (Assumption 3.5) and the positivity of the DC-link (Assumption 3.4), all
trajectories starting in the compact admissible set D remain in D. Hence the
equilibrium is semiglobally, and practically exponentially stable within D. In
particular, it is globally attractive on D for the chosen parameterization.

3.6 Summary and Concluding Remarks

This chapter presents the SoG concept as a decentralized control method for
DC and hybrid AC/DC microgrids. Motivated by the analogy of communicating
vessels, the method establishes a bidirectional mapping between the internal en-
ergy state, represented by the local SoC and externally observable variables such
as voltage and frequency. The key idea is to encode each unit’s SoC into small,
bounded offsets of its converter setpoints, thereby enabling autonomous SoC
balancing and proportional power sharing based solely on local measurements.

To realize this principle, a forward mapping translates local SoC values into
voltage or frequency reference deviations (see Equations (3.8) and (3.18)), while
an inverse mapping reconstructs a global indicator from local measurements,
yielding SoGpc and SoG A as defined in (3.20) and (3.22).

Together, these mappings establish an implicit signaling mechanism that em-
beds internal coordination variables and enables fully decentralized decision-
making, SoC balancing, and proportional power sharing based solely on local
measurements (see Section 3.2 and Section 3.3). The control scheme enables
cross-domain operation by formulating compatible mappings on the DC and
AC sides. A decentralized power law governs the interlink power exchange in
proportion to the local SoG mismatch, subject to deadband and saturation con-
straints, thereby ensuring bidirectional coupling between the two domains (see
Equation (3.26)).

The mapping gains are designed to ensure observability, robustness, and com-
patibility with the required time-scale separation. Feasible regions are defined
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3 The State-of-Grid Control Concept

via analytical constraints for both DC and AC domains (see (3.17) and (3.19)).
A normalization factor SoCx ; accounts for asymmetric operating ranges and
ensures consistent control sensitivity among units. On the AC side, the map-
ping relies on the assumption of a predominantly inductive grid, as formalized
in Assumption 3.2.

The closed-loop dynamics are embedded into a nonlinear state-space model
(see Equations (3.40), (3.41) and (3.42)) and cast into a singularly perturbed
form through gain scaling. The resulting decomposition into slow and fast
subsystems (see Section 3.5.2.1) allows a structured stability analysis based on
Lyapunov theory. The analysis derives explicit conditions for local exponential
stability of the reduced (slow) subsystem (see Section 3.5.2.3) and for uniform
exponential stability of the boundary-layer (fast) dynamics (see Section 3.5.2.4).
With the Assumptions 3.1-3.3, and with boundedness and positivity ensured
by Assumptions 3.5 and 3.4, the overall system exhibits semiglobal practical
exponential stability within the physically admissible domain.

Overall, the SoG concept provides a consistent, scalable, and analytically val-
idated control method for decentralized SoC balancing, power sharing among
BESSs, and coordinated AC/DC power exchange, without relying on any com-
munication infrastructure. The subsequent chapter extends this concept to VSM
capabilities and GSL coordination (see Section 4.1 and Section 4.2). Chap-
ter 5 presents a detailed experimental validation of the proposed methods under
representative test scenarios.
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Building upon the SoG-based control framework introduced in Chapter 3, the
present chapter extends the approach to incorporate additional grid-supportive
functionalities. Two complementary strategies are developed.

1. An SoG-based VSM for inertia emulation and frequency support in AC
microgrids.

2. A Communication-free concept for GSLs in DC microgrids, where loads
dynamically adapt their consumption in response to local grid conditions.

Both extensions preserve the decentralized and communication-free nature of
the SoG framework while broadening its range of ancillary services. Drawing
on the physical analogy of communicating vessels, as illustrated in Figure 4.1,
the concept is generalized beyond energy storage to capture the interaction
between AC grids and adaptive loads. The resulting mechanisms are seamlessly
integrated into the existing SoG architecture, forming a consistent and scalable
control strategy for converter-dominated microgrids.

Similar to how hydrostatic pressure differences drive volumetric flow between
communicating vessels, the instantaneous power consumption of GSLs can be
modulated according to local SoG values. A low SoG, reflected in reduced volt-
age or frequency, indicates an energy deficit and triggers load reduction. Con-
versely, a high SoG signals surplus energy and allows additional consumption.
This self-organizing behavior enables flexible loads to enhance grid stability
without explicit communication or centralized coordination.
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hy

(a) Communicating vessels with coupled levels. (b) Equivalent electrical system with BESS and loads.

Figure 4.1: Extended analogy between (a) communicating vessels and (b) a shared DC-bus with
batteries, flexible loads, and AC coupling. In both representations, equilibrium emerges
from decentralized interactions without centralized coordination, illustrating the con-
ceptual foundation of the extended SoG approach. Adapted from [J7].

The remainder of this chapter is organized as follows. Section 4.1 presents the
SoG-based VSM, including the control structure, synchronization mechanism,
and its role in inertia provision. Section 4.2 introduces the concept of GSLs,
develops the control law, and analyzes its impact on system dynamics. A con-
solidated stability analysis of the extended framework is provided at the end of
the chapter.

4.1 SoG-Based Virtual Synchronous Machine

As outlined in Section 3.4, the SoG concept provides a fully decentralized
method for coordinating power exchange between DC and AC subsystems. In
its baseline form, this coupling is realized through a proportional control law
(see Equation (3.26)), which controls the active power of the IC in response to
differences between the local SoG values on the DC and AC sides.

Future AC grids with high penetration of converter-based resources are expected
to rely increasingly on virtual inertia and fast frequency support in order to
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ensure stable operation in low-inertia conditions, as highlighted in Section 2.3.5.
To address this requirement, the SoG framework is extended in this section by
embedding a VSM method into the IC. This integration enables the converter to
provide dynamic frequency support and inertia emulation, while retaining the
communication-free characteristics of the SoG control principle.

4.1.1 Control Structure of SoG-Based VSM

Figure 4.2 illustrates the control architecture of the proposed SoG-based VSM
used to operate the IC. A VSM, governed by the swing equation (2.19) in-
troduced in Section 2.4.4, generates the virtual angle 6..,, which defines the
synchronous reference frame (dgq-frame) for the cascaded control system. The
outer voltage loop controls the converter’s terminal voltage, through providing
the current references ¢ and i; to the inner current control loop.

The frame conversion is performed using a standard dg/abc transformation, and
the resulting modulation signals are processed by a carrier-based PWM scheme
to generate the converter’s switching signals.

Dashed connections in Figure 4.2 denote measured signals, including the DC-
link voltage Vpc, the converter terminal voltage Vi/sy, the inductor current
Ivsm, and the grid voltage V,. These quantities are continuously monitored
and fed into the corresponding control blocks. The instantaneous active and
reactive powers are computed based on Equation (A.33) and serve as inputs to
the VSM control law. Details of the voltage and current control implementation
are provided in Appendix A.5.

Unlike conventional VSM schemes, where the active power reference P is
typically constant or externally defined, the proposed approach introduces a
dynamic modulation based on the internal state of the hybrid microgrid. Specif-
ically, the power reference is shaped by the difference between the AC-side and
DC-side SoG quantities, enabling the IC to self-regulate its power exchange in
response to the system’s internal energy distribution.
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Figure 4.2: Schematic diagram of the SoG-based VSM control structure. The SoG block provides
active and reactive power references (P, Qf) according to Equations (3.20)—(3.22).
A VSM (Equation (2.19)) generates the internal angle Oysm, which is used by the
voltage and current controllers to regulate the IC. Pre-synchronization (Section 4.1.2)
and a PLL ensure stable grid connection. Dashed lines indicate measured signals.

The modulation law is defined as

Pje = PI&™ — kj, (SoGac — SoGpce), .1

no
where P

™ denotes the nominal power exchange and kj, > 0 is a proportional
gain that determines the strength of the SoG-based coupling. A high DC-side
energy state results in an increase of P*IC, thereby promoting power injection,
whereas a low DC energy state decreases Pj. The reactive power reference
is fixed at Q7 = 0, as the SoG modulation explicitly addresses the coupling
between active power and the energy state, while reactive power regulation is

delegated to grid-side mechanisms.

Before power exchange is initiated, a pre-synchronization routine ensures phase
alignment between the virtual angle 0yg); and the grid angle 0py 1, as described
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in Section 4.1.2. Once synchronization has been established, the controller tran-
sitions to grid-connected operation and the modulation path shown in Figure 4.2
becomes active.

The SoG block implements the communication-free coordination of AC and DC
sides as defined in Equations (3.20)—(3.22). The resulting signal continuously
modulates the active power setpoint via (4.1), providing an energy-aware inertial
response on the system level. This effectively integrates the DC-side energy state
into the converter’s real-time power control behavior.

To prevent chattering near the operating point and to ensure compliance with
the converter’s power limits, a deadband and saturation are applied to the power
reference according to the hysteresis scheme defined in (3.27).

4.1.2 Phase-Based Pre-Synchronization Using
Time-Stamped Reference Crossings

To connect the DC microgrid to the AC grid, accurate phase alignment between
the virtual phase angle fygn generated by the VSM and the measured grid
phase angle Opy, is essential. This alignment is established through a pre-
synchronization mechanism that measures the instantaneous phase mismatch
based on time-stamped crossings relative to a selectable reference angle 6 €
[0, 27), typically chosen as O = .

The phase angles fpy 1, and Oy gy are each compared to the reference O to detect
positive crossings. At each detected crossing, a Sample-and-Hold (S&H) block
captures the current value of a locally integrated time base, yielding timestamps
t1 for the grid and to for the VSM. The signed time difference

At =ty —t; 4.2)
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represents the relative phase offset. A positive At > 0 indicates that the VSM
phase leads the grid, requiring deceleration, while A¢ < 0 implies that the grid
leads, requiring the VSM to accelerate.

This time error is held constant by a third S&H block, triggered by the grid
crossing event, and subsequently scaled by a synchronization gain Kgy,e > 0
to compute the frequency correction:

Wsyne = KeyncAt. 4.3)

The resulting value wgyy is added to the nominal VSM frequency command,
yielding:

*

Weem = W + Wsyne, (4.4)

which accelerates or decelerates the virtual machine accordingly. This adjust-
ment continues until the absolute time error |At|, corresponding to the phase
mismatch, falls below a predefined threshold. At this point, the synchronization
is considered successful, and the IC transitions into grid-synchronized operation
by closing the circuit breaker.

Figure 4.3 illustrates the timing behavior for two representative cases. In scenario
(a), the grid phase leads the VSM, resulting in ¢; < ¢5 and thus At > 0,
commanding deceleration. In scenario (b), the grid lags behind, yielding At <
OpriOysm

Ovsn  Oprr

Orf TR Ol R
© © o0 f OO & t
(a) (b)

Figure 4.3: Phase relationship during pre-synchronization. (a) When the grid phase leads, the VSM
decelerates. (b) When the grid phase lags, the VSM accelerates. The time stamps ¢1 and
to are obtained at the respective 61 crossings using S&H blocks. Adapted from [J3].
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0, and the VSM is accelerated accordingly. In both cases, wsyn facilitates smooth
convergence of the phases, enabling soft synchronization without transients.

The detailed control architecture is shown in Figure 4.4. It consists of two
comparators followed by an S&H unit, which holds the time instants at the
defined 6r-crossings of fpy1, and Aysy. The integrated time signal provides
a continuous and monotonic time reference, ensuring consistent timestamping
for both phase angles.

The difference At is computed in real-time and stored using a third S&H
block. This stored value is then scaled by Ky, to yield the synchronization
frequency correction wgync, which is superimposed onto the VSM frequency
setpoint. The integration path in the lower branch ensures that the virtual phase
evolves continuously over time, enabling gradual convergence without abrupt
changes. Once the synchronization condition is met, the breaker closes, and
grid-connected operation commences.

Opr —>| -
Or —» v v
e 31 At | ¥ Wsyne
t* "Is&H S&H
vl
1 —» S ¢
5] b
"Is&H

Ovsn —>

>
HTH

Figure 4.4: Block diagram of the pre-synchronization control based on S&H time stamping. Two
S&H blocks capture the local time base at the O crossings of Opy,1, and 6ygn. Their
difference At = t2 —t1 is held constant and scaled by Ksync to generate the frequency
correction wsync. Adapted from [J3].
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4.2 Grid-Supportive Load Concept

As outlined in Section 2.3.6, the increasing penetration of power-electronic-
interfaced generation and the growing need for system flexibility have height-
ened the importance of GSLs. This section introduces a communication-free
GSL concept for DC microgrids. The controller relies solely on the locally
measured bus voltage and adapts each load by scaling the load-side voltage ref-
erence V¥, within a narrow band around V') to preserve service quality. A
ZIP representation provides the mapping from voltage to power and its inverse
yields a terminal voltage for a prescribed power. An energy-based restoration
state ¢ schedules a controlled return to nominal operation once a per-load en-
ergy budget is reached. The remainder of the section presents the control law
(Section 4.2.1), the restoration mechanism (Section 4.2.2), and the closed-loop

stability analysis (Section 4.2.3).

4.2.1 GSL Control Method

Figure 4.5 illustrates the control structure of the proposed GSL concept. The
instantaneous bus voltage Vi 141 is measured locally and processed by the
GSL control block to compute a dimensionless scaling factor £1,4;. This factor
dynamically modulates the reference voltage Vi*;;, which defines the desired
power operating point of the i*" load. The reference voltage V' 1s tracked
via a cascaded PI control structure, consisting of an outer voltage controller
and an inner current controller. The resulting modulation signal is then applied
to the bidirectional DC/DC converter using PWM. The entire control loop
is implemented based solely on local measurements, without requiring any
communication or centralized coordination. Detailed implementation aspects
of the PI control structure are provided in Appendix A.1.

To ensure a smooth transition between grid-supportive operation and the nom-
inal operating point of the load, an energy-based restoration mechanism is
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integrated. As detailed in Section 4.2.2, this mechanism introduces a restora-
tion weight ¢ € [0, 1], which continuously evaluates whether the load can still
provide support. As long as support is possible, ¢ maintains the adapted oper-
ating point. Once support is no longer possible, ¥ gradually returns the load to
its nominal condition, thereby avoiding abrupt changes in power consumption.

. GSL Control }
b Load Restoration | |}
i Eq. (4.23)-(4.25) :
4 |
I T I
1 y Y1)
777777 :””7””7” GSL Voltage 1
Eq. (4.5)~(4.10) ;
4 |
I
Kp1, Ki :

PWM élLdl i ( ) a1

AN\— \
Ry iji 3
’ 3 urdl — 3
Vbe Vear 1| Crar — . J::} | :|P
! Ld1 !

Bidirectional DC/DC Converter

Figure 4.5: Block diagram of the proposed GSL controller for the i*P ZIP load. All signals
are obtained from local measurements. The restoration weight v/ is generated by the
energy-based restoration block in Section 4.2.2. Adapted from [J3].

The control strategy enables dynamic load adaptation by deliberately modu-
lating the reference voltage V[*;;, thereby adjusting the instantaneous power
consumption of the load in a grid-supportive manner. Crucially, this modula-
tion is constrained within a narrow voltage band, typically within +5% of the
nominal load voltage, to ensure that the functional behavior and user experience
of the load remain unaffected.
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Mathematically, the adaptive reference voltage for the i** GSL is given by:

VL*di = Vidi §Ldis 4.5)
where V"™ denotes the nominal operating voltage of the load and {1q; is a
dimensionless scaling factor derived from the locally measured DC-bus voltage.
The factor {1,q; is chosen such that V}*;; remains within the predefined permis-
sible voltage range of the device while enabling it to contribute to stabilizing
the bus voltage.

The basic form is introduced in [C1] as

1"‘(7,, lfgzzl_‘_gla
SLai=q1—-G, if&G<1—G, (4.6)
&, otherwise,

where &; denotes the unsaturated scaling factor computed from the measured
bus voltage, (; € (0, 1) specifies the saturation limits around the nominal value,
i.e., the allowable deviation range of &;(t), and {1,q; denotes the resulting scaling
factor used to compute the modulated load voltage. Equivalently, the saturated
output can be expressed in compact form using the saturation operator defined
in (3.27):

§Lai = satp—¢,, 14¢,](&) = max(min(fi, 1+¢), 1— Q) 4.7)

The preliminary, unsaturated scaling factor &; is computed as

& =1+ kaspt (VDC - 1> : (4.8)

*
VDC

where kgsy, is a gain factor that determines the sensitivity of the GSL response
and v is an optional restoration variable (see Section 4.2.2). This formulation
ensures that the GSL reduces its consumption when the DC-bus voltage drops
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and increases it slightly when the voltage rises, thus contributing to stabilizing
the grid voltage while remaining within device limits.

To avoid excessive or unnecessary control actions, a hysteresis logic is incor-
porated into the computation of £1,4;. This mechanism ensures that the GSL
control only reacts to significant deviations while it prevents frequent switching
within a predefined tolerance band. Specifically, the response is defined as

1, if HZ (t) = 1,
rai(t) = 4.9)
Sat[1,<1,1+ci] (fz(ﬁ)), if Hz(t) = 0,

where the hysteresis state H;(t) is updated according to the following rule:

0, Hl(t_)zlandfl(t) ¢ [I—Ai, 1+Az]7
Hi(tT) = {1, H;(t™) = 0and &(t) = 1, (4.10)
H;(t7), otherwise.

where the superscripts ¢~ and ¢T indicate the values immediately before and
after the update at time ¢, respectively. The parameter A; specifies the hysteresis
tolerance band that prevents frequent switching within small fluctuations.

Figure 4.6 compares the purely saturation-based control approach, correspond-
ing to Equation (4.5) without hysteresis, shown in Figure 4.6(a), with the ex-
tended hysteresis-based control, described by Equation (4.9) combined with
the hysteresis update law (4.10), shown in Figure 4.6(b). The hysteresis-based
approach effectively reduces control oscillations around the nominal point and
improves robustness against noise and minor voltage fluctuations.

To realistically represent the load behavior of GSL, the well-established ZIP
model is employed, which captures constant-impedance (Z), constant-current
(), and constant-power (P) components of the load. This model reflects the
voltage-dependent nature of practical loads more accurately than a purely
constant-power assumption.
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ELdip ELai

1+G 1+¢G

-G

(a) (b)

Figure 4.6: Comparison of GSL control strategies: (a) purely saturation-based control, where the
response directly follows the saturated voltage deviation; (b) hysteresis-based control,
where the hysteresis logic prevents frequent switching within the defined tolerance
band A;. Both plots show &1,4; as a function of the normalized bus voltage deviation
&;. Adapted from [C5].

The instantaneous power consumption of the ¢-th GSL is therefore given by

nom i di
Prai = PES™ ((wp +wi—o +wz (o)), 4.11)
v Ldi Ldi
const.  Nem— —
Power const. const.
Current Impedance

nom ; nom

where P'gi" is the nominal power at the nominal voltage V"™, and wp, wr, wz
are the weighting factors of the constant-power, current, and impedance com-
ponents, respectively.

The individual contributions of the ZIP components at a given operating point
can also be expressed in terms of their absolute power contributions:

o nom R nom R nom
Pp = PLdi wp, PI = Ldi WI, PZ = Ldi Wz, (412)

where Pp, P, and Pz represent the constant-power, current-proportional, and
impedance-proportional parts of the total load power, respectively.
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This formulation allows the GSL to respond realistically to voltage variations
while maintaining a controllable degree of flexibility for grid support. By ad-
justing the weights wp, wy, and wy, the behavior of different types of loads
(e.g., resistive heaters, electronic devices, motors) can be accurately represented
within the proposed control method.

The power-voltage characteristic of the ZIP load defines an implicit quadratic
relation between the normalized power Ppg;/ P9 and the normalized voltage
Viai/ V™. To explicitly determine the voltage required for a prescribed power
Pp4i, the mapping is defined as

®: Dy — VP, V], Prai = Viais (4.13)

where Dg denotes the set of admissible power values for which the discriminant
of the quadratic equation remains non-negative. By finding the roots of (4.11),
the mapping can be expressed explicitly as

—wy + \/wl2 — 4wy (wp — II;ﬁ‘Lffd{i“) win

Vidgi = ®(Prai) = Vg™ Sy

with

Dy = {PMi >0 ‘ w? — dwy, (wp _ P ) > 0} , (4.15)
PigP

where the physically meaningful (non-negative) solution of the quadratic equa-
tion is selected to ensure physical admissibility. This closed-form expression
provides a direct method to compute the terminal voltage corresponding to a
desired power while respecting the electrical constraints imposed by the ZIP
parameters. The parameters satisty wp + w; + wz = 1 with wz # 0, ensuring
a well-defined mapping in (4.14).
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In the limiting case wz = 0, the quadratic term vanishes and (4.11) reduces to
a linear equation in V7,4;, which can be explicitly solved as

Vigi = L“gimi (PLdi — wp) . forw; > 0. (4.16)
wr \ PG
This linear expression remains valid under the condition wy > 0, which ensures
the invertibility of the affine mapping. In the special case wz = 0 and w; = 0,
the power becomes entirely independent of voltage, i.e., purely constant-power.
In this case, no meaningful voltage modulation can be derived from the power
reference.

To unify the expressions for all admissible weightings (wp, wr, wy ), the voltage
mapping can be summarized as

g + \/wI2 — 4wy, (wp — %ﬁ;)
VLdi 2w B wz, 7£ 07
Vieai = z (4.17)

Vﬂ]é)lma <P)Ir}dor; —wp |, Wy, = 0, wy > 0.
1

This piecewise formulation guarantees that the voltage setpoint remains well-
defined for all relevant ZIP parameterizations within the feasible domain. The
condition wz = 0 may be relevant for load types without a resistive component,
such as current- or power-controlled converters.

To further generalize the response of the GSL to variations in the DC-bus
voltage, the absolute power contributions P and P, are assumed to have a
certain degree of flexibility and can vary within specified bounds

Py € [PMin pmax] | P, ¢ [PRM PIAX] 0 Vo € [VEER, VEEX]. (4.18)

The constant-power component Pp is insensitive to voltage variations and there-
fore does not appear in the voltage-dependent modulation equations.
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The corresponding droop coefficients m; and my describing the linear sensi-
tivity of P and Py to voltage deviations can then be defined as

pmax _ Pmin Ppmax _ Prnin
my = Imax Imin ? mz = %nax Zmin : (419)
Vp&™ — Voo e~ Vbe
The actively modulated power of the GSL is
Pry = PLg" + APLai, (4.20)
with
* £ \2
APrai = mi(Voe — Vise) +mz(Vbe — Vise) ™ 4.21)

Substituting the modulated power terms back into Equation (4.14) yields a
fully parameterized expression for Vi,q;/V{i$™ that accounts for the dynamic
adjustment of wr and wy in response to Vpc:

V96ai —wWr 1 9
= — 4+ — | wi —dwz | PIg"
VRom T 2wy | 2wz \ 2\ Ldi

2

+mi(Vbe — Vo) + mz(Vbe — Vgc)2>> ) (4.22)

This generalized formulation enables the control to dynamically regulate the
power contribution of the GSL as a function of the instantaneous DC-bus
voltage, while accounting for the nonlinear ZIP characteristics.

While the proposed control enables temporary load modulation to support the
grid, not all loads can remain curtailed without compromising their primary
function. After contributing a specified energy budget, selected units must be
restored to their nominal power to maintain service continuity. The following
subsection introduces an energy-based restoration strategy that schedules and
shapes this transition toward nominal operation.
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4.2.2 Load Restoration Strategy

Restoring critical loads after grid-supportive actions is essential to maintain
service continuity. The proposed restoration strategy is energy-based, enabling
a smooth transition back to nominal operation while avoiding abrupt changes
that could destabilize the microgrid.

4.2.2.1 Restoration Condition

The restoration process is triggered when the cumulative energy deviation of the
1-th GSL exceeds a predefined threshold EfST, ensuring that the load resumes
its nominal operation only when necessary and without imposing undue stress
on the system. The restoration trigger is defined by the condition

t
T
/ (Pasn(r) — PRY™)dr + 1 (Pgy (1) — PISP) > BB, (4.23)
t—T,

res
2
P

Ay Az

where T}, denotes the time window over which the power deviation is integrated,
and T}.s defines the restoration period. Pggsr,(t) is the instantaneous power of
the i-th GSL, and P its nominal power rating. The term EGEY represents
the maximum allowable energy deviation before restoration is initiated.

In (4.23) the area A; represents the historical energy deficit accumulated within
the observation window of length 7,, while A, quantifies the additional energy
required to ensure a smooth transition back to the nominal state. As illustrated
in Figure 4.7, deviations occurring prior to ¢ — T}, are deliberately disregarded.
This restriction prevents the accumulation of numerous minor deviations over
extended periods, which would otherwise trigger an unnecessary restoration
process. To regulate the transition back to nominal power levels, a restoration
variable ¢ (t) € [0,1] is introduced, which scales the GSL action in (4.8).
During grid support ¢y = 1. The restoration process is triggered once the total
energy deviation, captured in (4.23) by the sum A; + A, exceeds a predefined
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threshold. Once this restoration condition (4.23) is met, v is driven gradually
from 0 to 1 over a configurable restoration period 7}, ensuring a smooth and
continuous ramp-up of the load (see Figure 4.7). This modulation prevents
sudden power surges and allows prioritization among multiple loads based on
system conditions, available energy, or criticality.

When the nominal power P$i" is not explicitly known, e.g., not measured,
the relative voltage adjustment factor £1,q; can be used as an alternative in
combination with (4.11), assuming that voltage and current dynamics are much
faster than the ¢ dynamics (time-scale separation). In normalized form, the
restoration condition is expressed as

t

Tres —max
t—T,

where Z%&T is the maximum permissible normalized energy deviation, which

can be chosen based on the characteristics of the 7-th load.

This inequality defines the point at which restoration of the i-th GSL begins.

4.2.2.2 Restoration Process

Once the restoration condition is met, the restoration process is carried out in
a controlled and gradual manner to avoid introducing sharp transients. Specif-
ically, the restoration variable ¢(¢) is ramped down linearly from 1 to O over
the restoration time 7.5, reducing the grid-supportive action of the load while
restoring its nominal operation.

After completion of the ramp-down, the load remains at its nominal power for
a hold period T}1q. Finally, ¢(t) is ramped back to 1 to re-enable full GSL
functionality.

The evolution of (¢) during these phases is illustrated in Figure 4.7 and
described as follows:
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| ﬂ]o]d |

Figure 4.7: Conceptual illustration of the restoration method for critical loads in a DC microgrid.
The restoration variable 1 (t) is gradually modulated to enable smooth prioritization
and reactivation of the load. The shaded areas indicate energy measures: A; represents
the historical energy deficit accumulated within the observation window 7}, while A2
quantifies the additional energy required for a smooth transition back to the nominal
state. Deviations prior to ¢t — T}, are not considered in the integral. The circled markers
indicate three stages of the procedure: (1) Restoration initiation; (2) Restoration hold;
(@ Re-enabling of GSL functionality.

(D Restoration initiation: When (4.23) holds, restoration is initiated and
drives 1) : 1 — 0, thereby reducing the support term in (4.8). Conse-
quently, (4.5) with (4.11) returns the operating point toward V{3 with

t— tstart

T ) t S [tstart7 tstart + Tres]; (425)

() =1-

where g5, marks the onset of the restoration process.

Q) Restoration hold: The load operates at its nominal power level with
1) = 0 for a defined interval Ti,,1q to ensure service continuity.

(@ Re-enabling GSL functionality: Finally, the restoration variable ) (t) is
ramped back up from O to 1, fully restoring the grid-supportive capability
of the load.

110



4.2 Grid-Supportive Load Concept

4.2.3 Impact of GSL on System Stability

The impact of GSL on system stability is assessed through an eigenvalue analysis
of the linearized system Jacobian. In this analysis, the restoration variable v
is set to ¢» = 1, which represents full activation of the GSL mechanism. This
assumption corresponds to the worst-case contribution of GSL to the system
dynamics, as it eliminates additional restoration-related damping effects, and
thus provides a conservative stability estimate. By substituting Equations (4.5)
and (4.8) into the ZIP load model Equation (4.11), the normalized active power
consumption of a single load ¢ can be written as

Pra: Vi
= wp +w (1 + kasLy (DC - 1)) (4.26)
PLdi VDC

Vi 2
+ wyz <1 + kaspy <V2C — 1>) .
DC

Applying the control-theoretic coordinate mapping in Table 3.2, this can be
expressed as

Pra;
nom
P

~ ~ 2
= wp + wi (1 + kGSszi’> +wyz (1 + stmﬁxi’) . 4.27)
T3 L3

For z; = 41,q; the deviation of the aggregated load current can be formulated as

nom

It z
Zi = *Ld1~i |:pr =+ wy (1 + kGSL'l,[} i)
T3+ X3 M

7 2
+wy (1 n kGSLwi—i’) } , (4.28)
3

where z3 := 23 + T3 > 0, stated in Assumption 3.4, is assumed to hold.
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Substituting this expression into the system Equations (3.55) affects only the

dynamic of
A 1 | 171 — 23 n Paly — T3 kpls+ kiZy
>~ Coc Ry Ry T3+ x§
Pnom vt
—Ldi__ <wP + wr (1 + kGSMﬁ%)
T3+ T3 x3
I3\ 2
+wg (1 n kGSLz/JE> . (4.29)
3

The closed-loop system is compactly defined as

z = f(%), (4.30)
where f : R* — R* denotes the right-hand side of the nonlinear system, the
effect of GSL control is explicitly captured in the modified 3 dynamics.

To assess the impact of the GSL control strategy on the system’s local stabil-
ity properties, the nonlinear model described by Equation (3.55) is linearized
around the equilibrium point. The resulting Jacobian matrix is given by

_0f(@)

9T 3=

J (4.31)

The restoration factor v is fixed at ¢ = 1 throughout the analysis, corresponding
to a fully active GSL response and yielding a conservative estimate of the
stability margin.
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This yields the linearized system

—ovp B2 0 o5 0
0 —aofBors  oxs 0
G JF = 2025 02T z, (4.32)
B B2 J- .7
Cpc R CpcR2 33 Cpcw§
0 0 1 0
with the partial derivative
o7 1 1 1k
Taz = —2 = | - = - — _ -2 (4.33)
8953 Fam0 CDC Rl R2 T3

— fﬁi))lr;l |:kGSL'¢(wI + sz) — 1] ) .

3

The term involving kggr,, as defined in (4.8), appears exclusively in the co-
efficient of the expression (wl + 2wz), which represents the sum of the
current-proportional and the impedance depended load power. In contrast, the
constant-power component wp remains independent of kggr,. This observa-
tion clearly indicates that the GSL functionality is implemented solely through
the I and Z components, whereas the P component does not contribute to the
grid-supportive response.

In the following, the influence of the GSL, parametrized by kggp,, on the
eigenvalues of the Jacobian matrix 7, and thus on the system’s stability, is
systematically investigated. To this end, four representative ZIP load scenarios
are defined, each characterized by a distinct composition of wp, wy, and wy,
while ensuring the normalization condition wp +wi+wyz = 1, to preserve power
balance. This guarantees that the total load level remains constant across all
scenarios, isolating the effect of kggr, from changes in overall load magnitude.

In all scenarios, kggy, is varied over the interval kggy, € [0, 5] in increments of
Akgsr, = 0.01, allowing a detailed assessment of its effect on stability.
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4.2.4 Investigated ZIP Scenarios

Figure 4.8 shows the root locus plots of the linearized system for the four defined
ZIP load scenarios (cf. Section 2.2.3):

(i) Z-dominated, with (wp,wr, wz) = (0.1,0.0,0.9),

(ii) I-dominated, with (wp,wr,wz) = (0.1,0.9,0.0),
(iii) P-dominated, with weightings (wp, wr, wz) = (0.9,0.1,0.0), and
(iv) a mixed case, with balanced weights (wp, wr, wz) = (0.3,0.4,0.3).

The root locus plots illustrate the evolution of system eigenvalues in the complex
plane as the GSL gain kggr, increases. This classical technique provides insight
into the system’s stability and damping characteristics.

0.02+ 0.02

Im(\)
Im(\)

-0.02+ -0.02
-0.05 -0.04 -0.03 -0.02 -0.01 0 -0.05 -0.04 -0.03 -0.02 -0.01 0
Re(N) Re())
(a) Z-dominated load (b) I-dominated load
0.02f <+ 0.02
-
= = — 7 >
= 0t <0 REH00C X X
E |
- \
-0.02+ P -0.02
-0.05 -0.04 -0.03 -0.02 -0.01 0 -0.05 -0.04 -0.03 -0.02 -0.01 0
Re(N) Re())
(¢) P-dominated load (d) Mixed ZIP load

Figure 4.8: Root locus plots for varying GSL gain (kgsr, € [0, 5]) across four representative ZIP
load scenarios. Arrows indicate the trajectory of the eigenvalues as kggy, increases.
The results highlight that stability improvements depend on the dominant load type and
the GSL gain, with pronounced damping enhancement in Z- and I-dominated cases.
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In the Z-dominated scenario (Figure 4.8(a)), the dominant complex-conjugate
poles initially move leftward along the real axis as kgsp increases, reflecting
enhanced damping and improved system stability. However, beyond a certain
gain level, the poles begin to move back toward the imaginary axis, indicating a
reduction in damping. This non-monotonic behavior suggests an optimal range
for kgsr.

For the I-dominated load case (Figure 4.8(b)), a similar trend is observed.
Initially, the poles shift toward more negative real parts and the imaginary
component decreases, indicating less oscillatory and more aperiodic behavior.
However, for high values of kggy , the damping benefit saturates or even slightly
degrades.

In contrast, the P-dominated scenario (Figure 4.8(c)) shows minimal movement
of the eigenvalues over the investigated gain range, confirming that the GSL
has negligible influence on system dynamics when the load is dominated by
constant-power behavior.

The mixed case (Figure 4.8(d)) combines characteristics of the other scenarios.
The poles exhibit moderate movement toward more negative real parts and
slightly reduced imaginary parts as kgsp. increases, indicating a balanced but
less pronounced stabilizing effect.

Overall, the analysis reveals that the stabilizing effect of the GSL controller
is highly dependent on the ZIP load composition and that excessive gain can
be counterproductive. In particular, Z- and I-dominated scenarios benefit from
moderate GSL gains, whereas the P-dominated case remains largely unaffected.

4.3 Summary and Concluding Remarks

This chapter extends the SoG control framework introduced in Chapter 3 by
incorporating additional grid-supportive functionalities, enabling a compre-
hensive, decentralized control strategy for both AC and DC microgrids. Two

115



4 Extended Control Strategies

complementary approaches are developed and analyzed: an SoG-based VSM
for AC systems and a communication-free GSL concept for DC grids.

The SoG-based VSM integrates inertia emulation and frequency support into
the SoG framework, leveraging local SoG measurements to dynamically ad-
just the active power reference of the interface converter. This allows for both
stable DC—AC coupling and provision of virtual inertia, entirely without com-
munication infrastructure. A dedicated pre-synchronization mechanism ensures
smooth and robust grid connection by aligning the virtual and grid phases. In
the present implementation, the reactive power reference is set to Q* = 0, since
the SoG-based modulation targets the active-power and frequency-energy cou-
pling, while reactive-power control can be incorporated in future extensions if
required.

For DC microgrids, the proposed GSL concept utilizes flexible loads as ac-
tive control elements. By modulating their power consumption in response to
the local SoG level, GSLs contribute to voltage stabilization without impairing
their primary functionality. The strategy combines saturation and hysteresis
mechanisms to achieve robust and realistic responses, while an energy-based
restoration method guarantees a smooth return to nominal operation once suf-
ficient energy balance is restored. The control is further enriched by adopting
a voltage-dependent ZIP load model, which accurately captures practical load
behaviors and provides a rigorous foundation for the power-voltage relationship.

A stability analysis based on linearization around the equilibrium point and
eigenvalue evaluation demonstrates the stabilizing potential of GSLs, particu-
larly in Z- and I-dominated load scenarios. The analysis shows that increasing
the GSL gain kgsp can significantly improve damping and shift eigenvalues
further into the stable region. However, this effect is non-monotonic: beyond
a certain gain threshold, additional increases may reduce the damping benefit
or even deteriorate system stability. In contrast, the constant-power component
remains largely unaffected by the GSL mechanism.
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Throughout the analysis, the restoration factor is fixed at ¢ = 1, yielding a
conservative stability estimate. The impact of partial restoration () < 1) and
time-varying restoration schedules remains a topic for future work.

Overall, this chapter demonstrates how the SoG concept can be generalized be-
yond energy storage to incorporate AC—DC interactions, inertia emulation, and
demand-side flexibility. The resulting decentralized framework provides a wide
range of ancillary services, including frequency support, voltage stabilization,
and load restoration, relying solely on local measurements and without requiring
explicit communication or centralized coordination. These features make the
proposed approach particularly suited for modern, converter-dominated micro-
grids with high shares of renewable energy and flexible loads.
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5 Experimental Setup and
Validation

This chapter provides an experimental validation of the control strategies de-
veloped in Chapter 3 and Chapter 4. To quantify their performance under
laboratory conditions that reflect practical operating constraints of low-voltage
DC and hybrid AC/DC microgrids, the Smart2DC Microgrid laboratory is
conceived, designed, and established as part of this dissertation at the Smart
Energy System Control Laboratory (SESCL) [151] of the Karlsruhe Institute of
Technology (KIT).

This chapter presents the experimental setup and the main validation results,
addressing:

¢ the design and implementation of the Smart2DC microgrid laboratory,
including the hardware components and real-time control infrastructure,

e the development of a structured and reproducible testing methodology
for microgrid control validation,

* the definition of performance metrics and evaluation criteria aligned with
practical microgrid requirements, and

* the experimental demonstration and discussion of the SoG-based control
strategy, as well as the complementary VSM and GSL functionalities,
under realistic operating scenarios.
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The remainder of this chapter is organized as follows: Section 5.1 describes
the Smart2DC laboratory HW and the real-time control and measurement in-
frastructure. Section 5.2 sets out the test methodology and four representative
scenarios. The experimental results are presented in Section 5.3. Finally, Sec-
tion 5.4 provides a comprehensive discussion of the findings.

5.1 Laboratory Design and System
Architecture

The experimental validation of the proposed SoG-based control strategies is
conducted in the Smart2DC laboratory at the SESCL of KIT [151]. Its modular
design allows the realization of different microgrid configurations and operating
scenarios in a controlled environment.

A schematic overview of the Smart2DC laboratory is shown in Figure 5.1. The
laboratory consists of two main subsystems: a modular, high-dynamic rapid-
prototyping cabinet and the DC house, which serves as a flexible and realistic test
environment. While the DC house is part of the overall laboratory infrastructure,
all experiments presented in this dissertation are conducted exclusively on the
rapid-prototyping cabinet, which is therefore described in detail below.

The rapid-prototyping cabinet integrates programmable power supplies, racks
of SiC-Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET)-based
half-bridges, and passive components such as capacitors, inductors, and resis-
tors, as well as additional modular elements. These components can be flexibly
configured into various electrical circuits, enabling the emulation of different
microgrid configurations and operating conditions. Dedicated DC and AC in-
terfaces connect the cabinet to the busbar-matrix of the SESCL, which ensures
seamless connectivity to the other laboratory components. The specific HW
models and ratings are summarized in Appendix A.7.

Figure 5.2 provides an illustrative representation of the electrical setup, high-
lighting how the available HW components are interconnected to realize the
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Smart Energy System Simulation and Control Center (SEnSSiCC) at KIT

Loads
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Figure 5.1: Schematic overview of the Smart2DC microgrid laboratory at KIT. The facility includes
amodular rapid-prototyping cabinet, DC and AC houses for residential-scale validation,
and a connection to a configurable busbar-matrix enabling flexible interconnection of
sources, loads, and converters. Representative elements such as fuel cells, PV panels,
EV chargers, and emulators for loads and storage are integrated to support experimental
studies on hybrid AC/DC microgrids. Adapted from [C6].

microgrid topology. This diagram complements the schematic topology shown
in Figure 5.3 by indicating the physical arrangement and modular composition
of the system.

The measurement and control infrastructure is based on an imperix B-Box
Rapid Control Prototyping (RCP) real-time platform with a hybrid Digital Signal
Processor (DSP) operating at an internal clock frequency of 250 kHz!. Voltage
and current measurements are performed using imperix DIN80OV and DIN50A
sensors, which deliver differential analog signals directly to the 16-bit inputs of
the B-Box RCP. The control algorithms are developed in MATLAB® R2024b
and Simulink® and automatically converted to real-time code using the imperix
ACG SDK. During experiments, the B-Box communicated with a host computer
via Ethernet to adjust parameters and record real-time data.

I RCP refers to a methodology for fast implementation and testing of control algorithms on real-

time HW. DSP and Field-Programmable Gate Array (FPGA) are specialized HW components
that enable deterministic and highly parallel signal processing with minimal latency.
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Figure 5.2: Illustrative electrical setup of the DC microgrid, showing the interconnection of HW
components that realize the topology introduced in Figure 2.1. The figure highlights the
integration of battery and PV emulators, power modules, controllable resistive loads,
and the rapid-prototyping controller, all connected via the configurable busbar-matrix
to the common 700 V DC bus (green lines) and 400 V AC grid (red lines).

External influences such as solar irradiation, ambient temperature, or battery ag-
ing are eliminated by emulating the PV generator and BESS with programmable
DC power supplies. This enables controlled initialization of the system with
well-defined initial states.

Figure 5.3 illustrates the topology of the experimental DC/AC microgrid setup
used for the validation of the proposed control strategies. The system comprises
two BESSs on the DC-side (SoCg1, SoCps), a PV emulator with a DC/DC
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Figure 5.3: Schematic topology of the DC/AC microgrid used to validate the proposed SoG-based
control strategies. Switch 77 defines the operating mode (closed: AC-connected; open:
islanded DC). Switch 7% introduces a step load on the AC bus to study frequency
transients. The line impedance X7, represents the transmission path, and R c models
the AC-side load or impedance. Adapted from [J7].

converter, a controllable load, a DC-AC IC, and a BESS on the AC side
(SOCBg).

The DC and AC subsystems are interconnected via a three-phase IC, which
is coupled to a modeled transmission line and an AC-side impedance (Rac).
Switch T selects the operating topology: with 7} closed the system operates in
the AC-connected configuration via the modeled line; with 77 open the setup
runs in islanded DC mode without an AC segment. A second switch 75 connects
a step load to the AC bus to inject a reproducible disturbance that provokes a
frequency drop. All BESSs and loads interface with the central DC-bus through
individually controllable power converters.

The control parameters applied in the experiments are selected to ensure stable
and responsive operation of the system under all tested scenarios. Table 5.1
summarizes the parameters used for each of the implemented control concepts,
including gains, deadbands, hysteresis offsets, time constants, virtual inertia and
damping coefficients. Unless explicitly stated otherwise, the listed values apply
in the respective investigations.
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This setup and its configuration provided the flexibility and dynamic perfor-
mance required to validate the proposed control strategies under realistic and
controllable conditions.

Table 5.1: System and Control Parameters of the Hybrid AC/DC Microgrid Hardware Setup.

Symbol Description Value  Unit

System References

Vic Nominal DC-bus voltage 700 A%
w* Nominal AC angular frequency 250  rad/s
SoC;  SoC reference value (i € {1,2,3}) 0.5 -
Vic Nominal AC L2N/L2L voltage 230/400 V
Component Ratings

P Nominal IC power rating 10 kW
Pg’"  Nominal battery power 5 kW
B Peak power rating of PV 3 kW
@B, Battery charge capacity 1 Ah
VB Nominal battery voltage 380 A%

Converter Parameters

L, Converter inductance (x € {Bi, PV, Ld:, IC}) 2.5 mH
Cy Converter capacitance (x € {Bi, PV, Ldi, IC}) 0.5 mF

Timing Parameters

fs Switching frequency 20 kHz
Control Parameters
o SoG control mapping gain 0.05 -
0 restoration weighting factor 0.5 -
H Virtual inertia constant 1.0 S
D, Damping coefficient 10 -
Kp,  Proportional gain of V controller (Buck/Boost)  0.10/0.92 —
Ki Integral gain of V controller (Buck/Boost) 5.00/4.50 st
Kp; Proportional gain of I controller (Buck/Boost) 0.01/2.50 -
Kr,; Integral gain of I controller (Buck/Boost) 0.10/625 s !
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5.2 Test Methodology and Scenarios

To evaluate the performance of the proposed SoG-based control framework
introduced in Chapter 3 and Chapter 4, this chapter defines suitable quanti-
tative metrics that reflect the central contributions of the dissertation. These
include SoG-based SoC balancing with proportional power sharing, frequency-
supportive DC—AC coupling via the SoG-based VSM, and demand-side support
through the GSL concept. The selected metrics characterize both the dynamic
response and the steady-state behavior of the overall system.

Currently, no specific International Electrotechnical Commission (IEC), Insti-
tute of Electrical and Electronics Engineers (IEEE) or International Organiza-
tion for Standardization (ISO) standard defines standardized performance crite-
ria or test procedures explicitly aimed at the comprehensive evaluation of such
integrated control strategies in hybrid AC/DC microgrids. Existing international
standards, such as IEC 61427-1/2 [152] and IEC 62933-1-1 [153], primarily
address the characterization of energy storage systems in terms of capacity, ef-
ficiency, lifetime, and safety, while standards for battery management systems,
such as IEC 62619 [154], focus on functional safety and protective mechanisms.
Furthermore, established guidelines for grid-supportive functionalities, such as
those defined in IEEE 1547 [155] and IEC 62116 [156], concentrate on AC
grids and components, emphasizing interoperability, anti-islanding, and ancil-
lary services, but omit a systematic evaluation of dynamic control performance
and grid-supportive contributions in DC and hybrid AC/DC systems.

In the absence of explicit standardized criteria for these functionalities, this
dissertation defines a set of technically motivated, transparent, and reproducible
evaluation metrics tailored to the specific objectives of the proposed control
concepts. These metrics are designed to quantify:

* the effectiveness and dynamic response of SoG-based power balancing,

e the ability of the SoG-based VSM to support frequency and inertia in the
AC grid, and
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e the contribution of GSL to voltage stability.

This structured evaluation framework ensures a comprehensive assessment
aligned with the specific objectives of the proposed SoG-based control methods.
It enables reproducible and meaningful comparisons both within this study and
as a foundation for future research.

The following sections define a set of evaluation metrics and describe a sys-
tematic test methodology, including representative scenarios, to validate the
proposed functionalities under realistic operating conditions.

5.2.1 Evaluation Metrics and Methodology

This section introduces the quantitative metrics and structured methodology
used to assess the dynamic and steady-state performance of the SoG-based
control concepts under realistic conditions. As highlighted by the comparison
in Table 2.1, existing studies have so far addressed only specific aspects of the
broader problem investigated here. A direct quantitative comparison is therefore
not meaningful, as the objectives, system assumptions, and test conditions of
previous approaches differ significantly. Instead of a performance comparison,
this work provides a functional demonstration that illustrates the capabilities of
the proposed control concept in realistic scenarios and highlights its integrative
strength compared to fragmented individual approaches.

To evaluate the performance of the developed SoC balancing control, a set of
quantitative metrics is defined. Depending on the specific experimental scenario,
a subset of these metrics is applied to assess relevant aspects of stability, dy-
namic response, quasi-steady-state accuracy, and power-sharing quality. These
metrics have been selected to reflect key operational requirements of real-world
microgrids, including fast convergence of energy balancing, robust power shar-
ing under parameter asymmetries, and maintenance of voltage quality under
dynamic load and generation conditions.

The evaluation criteria are defined as follows:

126
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¢ Convergence of SoC Difference:
For an N-battery system, the maximum SoC imbalance at time ¢ is defined
as

Agoc(t) = [nax SoC;(t) —  ing SoC;(t) . (5.1

The asymptotic SoC difference
Asoc,00 1= lim sup [Asoc(t)], (5.2)
is required to satisfy
Agoc,00 < |Asoc(0)]. (5.3)

This condition ensures that the balancing control effectively reduces the
initial SoC mismatch over time.

* First-Passage Time (FPT):
The SoC equalization represents an initial convergence process. For this
phase, the relevant dynamic metric is the First-Passage Time (FPT),
defined as
te :=1inf {t > 0| |Asoc(t)| < e}, (5.4)

i.e., the earliest time at which the SoC difference enters the specified
tolerance band e. Unlike the conventional FPT time, ¢. does not require
the system to remain within the tolerance thereafter. This distinction is
essential, since after the initial equalization, dynamic PV and load steps
are deliberately introduced to test the robustness of the convergence under
realistic disturbances. Thus, the FPT captures the rapidity of the initial
equalization, while the robustness of maintaining this state under subse-
quent dynamics is evaluated separately. Typical choices for the tolerance
e are 1 % or 5% of the nominal SoC.
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¢ Residual SoC Difference:

The residual SoC difference after the completion of the SoC balancing
process is defined as the supremum of the SoC difference for all ¢ > t.:

res

o0 = sup [Agoc(t)]- (3.5)
t>t.

This metric quantifies the maximum deviation of the SoC difference from
the nominal equilibrium within the quasi-steady-state phase. It ensures
that, despite ongoing dynamics in other system variables, the SoC dif-
ference remains consistently within the specified tolerance band ¢ for all
t>t..

Residual Relative Power Mismatch:
For an N-battery system, the instantaneous power imbalance at time ¢ is
defined as

Ap(t) = R Pg,(t) — 1giglN Pg;i(t). (5.6)

The residual relative power mismatch after the completion of the SoC
balancing process is defined as the supremum of the normalized power
difference for all ¢ > t.:

SUP;>. ’Ap(t)‘
N
> Py

where Pgi™ denotes the rated nominal power of the j-th battery. This

AL = (5.7)

metric characterizes the maximum relative power mismatch within the
quasi-steady-state phase, ensuring that power sharing remains within ac-
ceptable limits despite ongoing dynamics in other system variables.

Voltage Sag Mitigation:

The improvement in the voltage response following a load step is quanti-
fied as the relative reduction of the maximum voltage deviation compared
to an unmitigated reference case. This metric is particularly relevant in
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scenarios involving highly dynamic GSL, where voltage stabilization is
critical.

The maximum voltage deviation in the reference scenario (without GSL)
is defined as

Pp— nom
AVie = Itg%ff |VDC(t) ~ VDC  |(without GSL)’ (5.8)

and the maximum deviation under the proposed control (with GSL) as

AVggr, = max [Vbe(t) — V™| (with GSL* (5.9)
The relative improvement in percent is then given by
AVasL
=1(1- - 100%. 5.10
ny ( AVt % (5.10)

A higher value of 7y indicates superior mitigation of the voltage sag
achieved by the proposed control. It should be noted that these voltage
dynamics occur on a significantly faster timescale than the SoC balancing
process and are therefore evaluated independently of it.

Collectively, the evaluation metrics capture the speed of the initial SoC equal-
ization, expressed by the FPT, the steadiness of the quasi-steady-state phase,
represented by AL for SoC balancing and A’S® for power sharing, and the
dynamic of the bus-voltage response, described by 7y,. Unless stated otherwise,
a common tolerance ¢ is used for all scenarios. The experiment start time is
denoted by t(, and the FPT ¢. is measured relative to this reference. Residual
quantities are evaluated for ¢ > ¢.. These conventions provide a consistent
evaluation framework and allow direct comparison between different scenarios

and controller settings.
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5.2.2 Test Scenarios and Varied Parameters

To evaluate the control performance under different operating conditions, the
following input parameters are systematically varied during the experiments:

¢ Initial SoC of the BESSs: asymmetric initial charge levels,
* PV power injection: no injection, PV power equal to the load, PV surplus,
* Load profile: constant load, positive load step, negative load step,

¢ Interlink configuration: decoupled, coupled to a stiff AC grid, coupled
to a weak AC grid formed by a BESS, including frequency variations to
emulate grid dynamics,

These parameters are chosen to replicate typical grid situations, such as PV
injection, load steps, and asymmetric storage utilization. The subsequent test
scenarios distinguish between different system configurations and activated
control functions. Table 5.2 summarizes the four systematically defined test
scenarios that are used to validate the proposed control concept.

The individual scenarios are described in detail below.

Scenario I: DC islanded mode

This baseline scenario serves as the reference for validating the SoG control, as
introduced in Chapter 3, without external influences. To assess the robustness of
the proposed approach under different system conditions, three configurations
are investigated: a reference configuration with symmetric storage capacities
and line resistances, a variant with asymmetric storage capacities to emulate
heterogeneous BESSs, and a variant with asymmetric line resistances to reflect
unequal cable impedances or installation conditions. In all cases, two BESSs
with different initial SoCs exchange energy exclusively within an islanded DC
microgrid. The evaluation focuses on the convergence of SoC balancing, voltage
stability, the control performance during load and PV steps, and the proportional
distribution of power between the two BESSs. This scenario directly addresses
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Table 5.2: Systematic overview of the four test scenarios for validating the proposed control con-

cept.
Scenario . L . .
(Section) Operating mode Objective Active functions
1(5.3.1) |DC islanded mode |SoC balancing in SoG control
DC microgrids
IT (5.3.2) | DC/AC coupling SoC balancing SoG +IC
across DC/AC
microgrids
IIT (5.3.3) | DC/AC coupling Provision of SoG + VSM
with VSM SoG-based virtual
inertia
IV (5.3.4) | Full-system Transient behavior | SoG + VSM + GSL
operation with active GSL

the heterogeneity and asymmetry challenges identified in Section 2.3.3 and
validates the corresponding contribution proposed in Section 2.5.

Scenario II: DC/AC coupling balancing

In this scenario, a third BESS is connected to the system via a bidirectional IC.
The objective is to demonstrate cross-domain SoC balancing between DC- and
AC-connected BESSs, as proposed in Section 3.4, and to analyze the resulting
load sharing across both domains. The coupling is achieved indirectly through
small frequency reference modulations in the AC grid, which steer the energy
flow based on the SoG difference. The evaluation focuses on the synchronization
of storage states, the selectivity of energy transfer, and the distribution of power
contributions between the connected units. This scenario responds to the AC/DC
coupling challenge highlighted in Section 2.3.5 and validates the proposed cross-
domain balancing mechanism introduced in Section 3.4.

Scenario III: DC/AC coupling with VSM
This scenario extends the interlink coupling by introducing a VSM, following
the concept presented in Section 4.1, which responds to frequency deviations and
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emulates inertial behavior. The objective is to evaluate the frequency-supportive
properties of the system, particularly in terms of frequency stability, response
time, and inertial behavior during transients. It specifically targets the lack of
inherent inertia and frequency support noted in Section 2.3.5 and demonstrates
the novel SoG-based VSM concept from Section 4.1.

Scenario I'V: Full-system operation with GSL

The final scenario adds GSL, based on the concept described in Section 4.2,
which responds to local grid signals in addition to the storage control. The
objective is to investigate the coordinated interaction of all subsystems and to
validate load control based on local measurements. The evaluation focuses on
active load support during transients, the interaction between storage and inter-
link components, and the distribution of power contributions between BESSs
and GSL. This scenario addresses the need for fast local voltage support under
high load dynamics (see Section 2.3.6) and validates the GSL concept intro-
duced in Section 4.2.

The evaluation methodology defined in this chapter, along with the four test
scenarios, forms the methodological foundation for the experimental investiga-
tion of the proposed control concept. Together, they systematically cover the
control challenges identified in Section 2.3, overcome the limitations of existing
approaches discussed in Section 2.4, and substantiate the contributions defined
in Section 2.5.

5.3 Experimental Results and Evaluation

This section presents and analyzes the experimental results obtained for the test
scenarios defined in Section 5.2. These experiments serve to validate the devel-
oped control strategy under realistic and dynamic operating conditions, demon-
strating its functionality, robustness, and scalability. To increase the temporal
resolution of transient events during the laboratory experiments, the storage
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capacities are deliberately scaled down. This measure significantly reduces the
test duration without distorting the qualitative system dynamics.

Each scenario targets a specific functional aspect of the proposed approach and
is evaluated based on representative measurements of the SoC, power flows,
DC-bus voltage, and, where applicable, AC frequency. Where relevant, key
performance indicators such as response times and maximum deviations are
additionally summarized.

The experimental results are organized according to the four scenarios intro-
duced above and are analyzed with respect to the evaluation criteria defined in
Section 5.2.1. This systematic presentation highlights both the dynamic behav-
ior and the grid-supportive properties of the proposed control strategy under
the tested conditions.

5.3.1 Scenario |I: SoG-Based Control in DC Islanded
Microgrid

In this scenario, the SoG-based control strategy is validated in an islanded DC
microgrid, focusing on its ability to balance the SoC of two BESSs without
external influences or communication. To evaluate the robustness of the control
under different system conditions, three configurations are tested:

(1) a reference case with symmetric storage capacities and line resistances
with SoG control,

(i1) a case with asymmetric storage capacities with SoG control,
(iii) a case with asymmetric storage capacities and PI-based SoG control,
(iv) a case with asymmetric line resistances with SoG control, and

(v) a case with asymmetric line resistances and PI-based SoG control.
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These variants emulate realistic conditions such as heterogeneous BESSs and
unequal cabling, which commonly occur in practice.

In the course of the experiment, seven predefined operating intervals are exe-
cuted to represent different steady-state and transient conditions. These delib-
erate step changes in PV generation and load power test the controller’s ability
to maintain SoC balancing and voltage stability under dynamic operating con-
ditions. The corresponding power setpoints for PV generation and loads are
summarized in Table 5.3, and the time evolution of the PV and load profiles is
shown in Figure 5.4(d).

Table 5.3: Power setpoints in Scenario I experiment

o oo 6o ® o e o
Pey[kW]| 00 33 00 15 15 15 33

Prai [kW]| 1.0 1.0 1.0 1.0 3.0 1.0 1.0
Pras [kW]| 0.5 0.5 0.5 0.5 1.0 0.5 0.5

(i) Reference Configuration with Symmetric Parameters

In the symmetric reference configuration, the two BESSs are configured with
identical capacities and equal line resistances. The SoG-based control reduces
the initial SoC difference of approximately 20 % monotonically, as illustrated in
Figure 5.4(b). Both SoCs converge toward a common value without overshoot.
During the seven operating intervals, transient SoC and power responses remain
within the specified bounds, demonstrating the robustness of the control strategy
against generation and load variations.

The FPT time ¢., as defined in Section 5.2.1, at which the SoC difference enters
a 1% tolerance band, is measured to be 110.72s, corresponding to the first
crossing of the 1 % threshold marked in Figure 5.5(a). In the subsequent quasi-
stationary phase t > t., the residual SoC difference A%~ decreases further,
reaching a minimum of 0.1 % after 222.66 s and remaining confined within a
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Figure 5.4: Time evolution of (a) DC-bus voltage, (b) SoC, (c) Battery powers, and (d) PV and
load powers for the symmetric reference case with Q1 = Q2 = 1.0 Ah and equal
line resistances. The SoG control drives the BESSs to nearly equal SoC while keeping
Vbe near 700 V. Dashed vertical markers (1) to (7) correspond to the scenario steps
in Table 5.3. Adapted from [J1].

narrow band of 0.18 %. As shown in Figure 5.5(b), the residual relative power
mismatch AS® remains moderate after ., with a maximum of approximately
2.46 %, which reflects the favorable conditions of the symmetric configuration
for achieving balanced power sharing. Throughout the experiment, the DC-
bus voltage remains well regulated at 700 V, with observed variations between
685.9 V and 708.2 V, corresponding to deviations of —2 % and 1.2 % around the
nominal value of 700 V during load and PV steps (Figure 5.4(a)). The battery
power flows Pg; and Ppo adjust dynamically (Figure 5.4(c)) in response to
the seven predefined operating intervals, while maintaining the SoC balancing

process.
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Figure 5.5: Analysis corresponding to Figure 5.4. (a) Absolute SoC difference ASoC with a 1%
threshold (dashed) and the FPT t. marked by the dot. (b) Relative power mismatch
with respect to an even split (dashed) over time.

These results confirm that the SoG-based control reliably achieves fast and
robust SoC balancing in the symmetric configuration, maintains the SoC dif-
ference within a narrow tolerance band in the quasi-stationary phase, ensures
reasonably balanced power sharing between the units, and stabilizes the DC-bus
voltage under dynamic operating conditions.

(ii) Configuration with Asymmetric Storage Capacities

In the second configuration, the two BESSs are operated with asymmetric
capacities, specifically @1 = 1.0 Ah and Q2 = 0.5 Ah, while line resistances
remain identical. As shown in Figure 5.6(b), the SoG-based control effectively
reduces the initial SoC difference and ensures synchronized SoC trajectories
across the different operating points, including both surplus generation (e.g.,
) and high-demand periods (e.g., 3)). Despite the asymmetry in energy
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capacity, the DC-bus voltage Vb remains well regulated between 687.5V and
711.1V, corresponding to a maximum deviation of —1.8 % and 1.6 % around
the nominal value of 700 V.
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Figure 5.6: Time evolution of (a) DC-bus voltage, (b) SoC, (c¢) Battery powers, and (d) PV and load
powers for the asymmetric capacity case with @1 = 1.0 Ah and Q2 = 0.5 A h and
identical line resistances. The SoG control reduces the initial SoC difference and yields
synchronized SoC trajectories across operating points, both under surplus generation
(e.g. ) and increased demand (e.g. 3)), while keeping Vpc near 700 V. Owing to
the capacity asymmetry, a steady-state SoC offset remains that is consistent with the
unequal stored energy. Dashed vertical markers () to (7) correspond to the scenario
steps in Table 5.3. Adapted from [J1].

The SoC difference enters the 1% tolerance band at FPT ¢, = 186.71s, as
defined in Section 5.2.1 and indicated in Figure 5.7(a). In the subsequent quasi-
stationary phase ¢ > t., a residual SoC offset AL, of up to 3.25 % persists.
This offset is physically consistent with the asymmetric storage capacities and
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reflects an expected steady-state behavior, where the larger battery stores and
delivers approximately twice the energy of the smaller one.

At first glance, the power sharing appears unbalanced due to the visible mis-
match A P between the battery power trajectories. However, a capacity-weighted
analysis, illustrated by the gray dashed line in Figure 5.7(b), reveals that the
apparent mismatch is primarily a result of the capacity asymmetry. When scaled
to their respective storage ratings, both BESSs contribute proportionally to their
capacity. Battery 2, being half the size of Battery 1, consistently provides approx-
imately half the power. This confirms that the SoG control ensures coordinated
and proportional power sharing even under capacity asymmetry.
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Figure 5.7: Analysis corresponding to Figure 5.6. (a) Absolute SoC difference ASoC with a 1%
reference (dashed) and the FPT t. if applicable. (b) Relative power mismatch with
respect to an even split. Due to capacity asymmetry, ASoC settles to a small steady-
state offset that is consistent with the unequal stored energy, while the power sharing
remains coordinated across operating points.

Nevertheless, the unweighted residual relative power mismatch A%S® reaches
instantaneous deviations of up to 8.05 %, which is significantly higher than in
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the symmetric case. This again reflects the impact of the underlying capacity
difference, rather than a deficiency in the control concept. Throughout the
experiment, the DC-bus voltage remains stable within 1.79 % of its nominal
value, with transient deviations during load and PV steps (Figure 5.6(a)) being
rapidly corrected by the controller. The battery power flows Pg; and Ppo
dynamically adjust to the seven predefined operating intervals (Figure 5.6(c)),
while maintaining the SoC balancing process despite the inherent asymmetry
of the BESSs.

These results demonstrate that the SoG-based control also achieves robust
SoC convergence and maintains the DC-bus voltage within acceptable limits
in the presence of asymmetric storage capacities. However, the residual SoC
difference and power mismatch remain significantly higher compared to the
symmetric case, which is attributable to the unequal energy storage capabilities
of the two units.

(iii) Configuration with Asymmetric Storage Capacities and
Pl-based SoG Control

To mitigate the stationary mismatch observed in the SoG-based control under
asymmetric storage capacities, an additional experiment is conducted apply-
ing the Pl-based SoG voltage mapping, as described in Section 3.2.1, to the
same configuration. The two BESSs retain the asymmetry (); = 1.0 Ah and
2 = 0.5 Ah, while the control incorporates an integral component to eliminate
steady-state errors. The time evolution of the SoC, battery power flows, DC-
bus voltage, and power exchanges is shown in Figure 5.8. The integral action
successfully removes the steady-state SoC offset, resulting in convergence of
both SoCs. Minor oscillations arise around changes in the operating point due
to the integral term acting predominantly on the larger BESS. These oscilla-
tions remain bounded, and the DC-bus voltage Vpc stays close to its nominal
value of 700 V, with variations between 691.3 V and 708.3 V, corresponding to
symmetric deviations of about 1.2 %. Compared to the previous experiment
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without integral action, the lower voltage deviation is significantly reduced,
highlighting the improved regulation achieved by the PI-based extension.

Compared to the SoG control case, the FPT time ¢, at which the SoC difference
first falls below the 1 % tolerance band is significantly reduced to 22.92s, as
shown in Figure 5.9(a). However, due to the faster response and the accumulating
integral action of the controller, an overshoot is observed after ¢., resulting in a
temporary SoC deviation of up to 9.8 %. This overshoot gradually diminishes,
and by 186.71 s the residual SoC difference decreases to 1.63 %, substantially
lower than in the SoG-based control case at the same time.
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Figure 5.8: Time evolution of (a) DC-bus voltage, (b) SoC, (c) Battery powers, and (d) PV and
load powers for the asymmetric capacity case with @1 = 1.0Ahand Q2 = 0.5Ah
with PI-based SoG control. The integral action removes the steady-state SoC offset and
achieves complete equalization. Small oscillations occur around the operating-point
changes due to the integral action acting on the dominant BESS; they remain bounded,
and Vp stays near 700 V. Dashed vertical markers (D to (7) correspond to the scenario
steps in Table 5.3. Adapted from [J1].
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res

The residual relative power mismatch AS® remains at similar peak levels com-
pared to the SoG-based control, reaching maximum instantaneous deviations of
approximately 22.76 %, as illustrated in Figure 5.9(b). As with the SoG-based
control, these extreme deviations occur primarily during load and PV transitions
and diminish over time, highlighting the ability of the control to redistribute
power dynamically.

These results demonstrate that while the integral component effectively reduces
the steady-state SoC mismatch and improves the balancing accuracy in the quasi-
stationary phase, it introduces pronounced transient overshoots and oscillations
during dynamic operating intervals, reflecting the typical trade-off between
steady-state accuracy and transient performance in PI-controlled systems.
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Figure 5.9: Analysis corresponding to Figure 5.8. (a) Absolute SoC difference ASoC with a 1 %
threshold (dashed) and the FPT ¢. marked by the dot. (b) Relative power mismatch
(blue) and weighted power mismatch (grey), both with respect to an even split over
time. The integral action drives ASoC below 1 % within ¢ and both metrics converge
close to zero; transient oscillations remain bounded.
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(iv) Configuration with Asymmetric Line Resistances

In this experiment, the robustness of the SoG-based control is evaluated under
asymmetric line impedances by increasing the resistance on the side of Battery 1
to Rp1 = 2.5 . This scenario reflects practical situations with unequal cabling
or contact resistances, which distort the locally perceived SoG measurement
and thus affect the balancing dynamics. Figure 5.10 shows the time evolution
of voltages, SoC, battery powers, and power flows under this condition. The
FPT time t. is determined to be 55.56s, as indicated in Figure 5.11(a). In
the quasi-stationary phase ¢ > t., the residual SoC difference remains slightly
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Figure 5.10: Time evolution of (a) DC-bus voltage, (b) SoC, (c) Battery powers, and (d) PV and load
powers with increased line resistance on storage 1 (Rp; = 2.52). The additional
drop across Rp; perturbs the local SoG signal and biases the SoC-to-V mapping,
which slows the balancing dynamics and leads to a persistent steady-state SoC offset,
while the trajectories remain coordinated across operating points. Dashed vertical
markers (1) to (7) correspond to the scenario steps in Table 5.3. Adapted from [J1].
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above the threshold, with a maximum of 1.75 %, suggesting that the control
partially compensates the imbalance despite the distorted signal. The residual
relative power mismatch A'S® exhibits peak values of approximately 11.83 %,
as depicted in Figure 5.11(b). However, these extreme relative deviations occur
only during periods of very low total power, as evident from the absolute power
traces in Figure 5.10(c), where small absolute differences translate into dispro-
portionately large relative percentages. Over time, the controller mitigates these
mismatches dynamically, confirming its effectiveness even under challenging
conditions.
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Figure 5.11: Analysis corresponding to Figure 5.10. (a) Absolute SoC difference ASoC with a
1 % threshold (dashed) and the FPT ¢, indicated by the dot if the threshold is reached.
The additional drop across Rp; biases the local SoG signal and yields a persistent
steady-state SoC offset. (b) Relative power mismatch with respect to an even split over
time; sharing remains coordinated across operating points.

Throughout the experiment, the DC-bus voltage remains close to its nominal
value of 700 V, with variations between 690.3 V and 708.6 V, corresponding to
deviations of —1.4 % and 1.2 % despite the distorted conditions, underscoring
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the resilience of the system. The power flows Pg; and Pps exhibit asymmetric
behavior corresponding to the increased resistance of unit 1, yet both contribute
to the balancing process.

These results demonstrate that the SoG-based control maintains acceptable SoC
balancing and voltage stability even in the presence of significant line asymme-
try. Nevertheless, both the steady-state and transient metrics indicate a slight
degradation compared to the symmetric reference case, which is attributable to
the distorted local voltage feedback.

(v) Configuration with Asymmetric Line Resistances and Pl-based
Control

To further improve the balancing performance under asymmetric line impedances,
the PI-based SoG mapping, as introduced in Section 3.2.1, is applied to the
configuration with Rp; = 2.5€). The integral control component is intended
to compensate the distortion of the local SoG signal caused by the increased
voltage drop, thereby enhancing the balancing accuracy in the quasi-stationary
phase.

Figure 5.12 depicts the time evolution of voltages, SoC, battery powers, and
power flows under this condition. The FPT time ., i.e., the point at which the
SoC difference falls below 1% and remains within this bound, is reduced to
28.05s, compared to 55.56 s without PI control, demonstrating the improved
convergence rate.

However, in the quasi-stationary phase ¢t > ?., the maximum SoC deviation
initially remains elevated at approximately 3.37 % due to overshoot and oscil-
lations introduced by the integral action. These oscillations gradually decay,
and after approximately 250, the deviation settles below 1.2 %, as shown in
Figure 5.13(a).

The residual relative power mismatch A'S® reaches peak values of about 3.5 %,
which occur primarily during periods of very low total power output, where even
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Figure 5.12: Time evolution of (a) DC-bus voltage, (b) SoC, (c) Battery powers, and (d) PV and
load powers with increased line resistance on storage 1 (Rg; = 2.52) under PI
SoG control. The integral action compensates the bias introduced by the additional
drop across Rp1, removes the steady-state SoC difference, and achieves complete
equalization, while Vpc remains near 700 V. Transient overshoot and mild oscilla-
tions appear around operating-point changes, consistent with the asymmetric capacity
case. Dashed vertical markers () to (7) correspond to the scenario steps in Table 5.3.
Adapted from [J1].

minor absolute differences appear disproportionately large when normalized.
This behavior is consistent with the observations in the SoG-based control
variant and is evident in the absolute power profiles in Figure 5.12(c).

Throughout the experiment, the DC-bus voltage remains within a deviation of
1.82 % from nominal, confirming stable voltage regulation despite the asym-
metric conditions and the more aggressive control action.

These results confirm that the PI-based SoG control improves the steady-state
balancing accuracy and reduces the FPT time compared to the SoG-based
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Figure 5.13: Analysis corresponding to Figure 5.12. (a) Absolute SoC difference ASoC witha 1 %
threshold (dashed) and the FPT ¢. marked. (b) Relative power mismatch with respect
to an even split over time. The integral action compensates the bias introduced by
the increased line resistance on storage 1 and drives ASoC below 1 % within ¢.; the
mismatch settles near zero with bounded oscillations around operating-point changes.

control, even under asymmetric line resistances. Nevertheless, the enhanced
performance comes at the cost of transient overshoots and oscillations, reflect-
ing the typical trade-off between fast convergence, steady-state accuracy, and
transient stability in PI-controlled systems.

5.3.2 Scenario ll: SoG-Based Control with additional
AC-connected Battery

This scenario extends the configuration shown in Figure 5.3 by including an

additional battery on the AC side, which is coupled to the AC system via a grid-
forming IC. The IC establishes the secondary voltage and frequency reference
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for the local AC network and enables the SoC-frequency mapping derived in
Section 3.2.2 through deliberate frequency deviations.

At the beginning of the experiment, the three BESSs are initialized with different
states of charge (SoCg; = 60%, SoCpy = 40%, SoCgs = 50%). During
the test, four predefined operating intervals are executed to represent distinct
steady-state and transient conditions. The corresponding PV and load setpoints
are summarized in Table 5.4, and the temporal evolution of the operating points
is indicated in Figure 5.14.

Table 5.4: Power setpoints in Scenario II experiment

® @ ® @

Ppy [kW] 1.25 33 33 33
Ppe.La [kW] 1.5 1.5 1.5 1.5
Pac.La [kW] 0.75 1.5 2.5 1.5

Figure 5.15 presents the quantitative evaluation of the SoC difference and the
residual relative power mismatch under these conditions. The FPT time ¢, de-
fined as the time at which the maximum SoC difference permanently falls below
1%, is determined to be approximately 535.59 s. In the quasi-stationary phase
(t > t.), the residual SoC difference remains slightly above the nominal thresh-
old, with a maximum of 1.7 %, suggesting that the inter-domain balancing is
subject to minor steady-state inaccuracies compared to the purely AC scenarios.

The maximum relative power mismatch A'S® reaches peak values of approx-

imately 12.9% during transients but remains within 1.14 % in the quasi-
stationary phase. As in previous scenarios, the transient peaks coincide with
periods of low absolute power levels, where small absolute deviations translate
into large relative percentages.

Throughout the experiment, the DC-bus voltage remains between 683.8 V and
709.6 V, corresponding to deviations of —2.3 % and +1.4 % during the applied
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Figure 5.14: SoG coordinated operation with an additional AC connected battery (via a GFM

IC). Time evolution of (a) DC-bus voltage Vpc, (b) VSM frequency fysm and
grid frequency fgriq, () states of charge of the three BESSs, (d) Battery powers
Pp1—Pg3s, and (e) PV, DC, and AC load powers. The SoG control yields coordinated
SoC trajectories across the DC and AC domains and enables proportional energy
sharing, while Vpc remains near 700 V. The VSM tracks fgriq during operating
point changes. Dashed vertical markers (1) to (@) correspond to the steps in Table 5.4.

Adapted from [J7].

disturbances. Similarly, the AC bus frequency remains centered around its nomi-

nal value of 50 Hz, with variations between 48.9 Hz and 50.6 Hz, corresponding
to deviations of —2.2 % and +1.3 %. Overall, the results highlight that both SoG
variables, DC-bus voltage and AC frequency, exhibit bounded and comparable

deviations from their nominal setpoints, underscoring the consistent perfor-

mance of the proposed SoG-based control framework across domains.

These

results demonstrate that the proposed SoG-based control successfully extends to
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Figure 5.15: Analysis corresponding to Figure 5.14. (a) SoC spread across the three BESSs, as
defined in (5.1), with a 1 % threshold (dashed) and the FPT ¢. marked. (b) Residual
relative power mismatch with respect to the sharing target (even split) across the DC
and AC domains.

hybrid AC/DC systems, achieving coordinated balancing among three BESSs.
While the dynamic and steady-state performance slightly degrades compared to
the symmetric DC-only reference case, the system maintains acceptable accu-
racy and stability under the more complex inter-domain operating conditions.

To further examine the origin of the residual discrepancies, Figure 5.16 depicts
the pairwise differences in state of charge (Agoc) and instantaneous battery
power (A P) among the three BESSs. The plot reveals that the largest transient
peaks and the dominant part of the steady-state residual error originate from the
differences A;_3 and A, _3, i.e., from the deviations between the DC side and
AC side BESSs. This observation is consistent with the additional conversion
stages and the cumulative effect of line resistances and converter impedances
that are present along the AC coupling path. In contrast, the purely DC-side
difference A _5 remains comparatively small and converges faster, highlighting
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Figure 5.16: Pairwise differences for Scenario II, corresponding to Figure 5.14. (a) Pairwise
SoC differences A1_2, Aj_3, Aax_3; the envelope shows the supremum norm
[|A]lco = sup; |A(t)], together with a 1 % reference (dashed). (b) Pairwise instanta-
neous battery power differences A P. The largest peaks and the dominant contribution
to the steady-state residual stem from Aj_3 and Ay_3 (DC vs. AC side), whereas
the purely DC-side difference A _o remains smaller and settles faster.

that the inter-domain coupling is the main source of the observed residual
error. These findings confirm that the SoG-based control maintains coordinated
operation also in the presence of non-negligible AC/DC interface dynamics,
although at the expense of slightly increased balancing effort compared to the
DC-only configuration.

5.3.3 Scenario lll: SoG-Based VSM with Frequency
Support

This scenario extends the SoG-based control by integrating a VSM control,
as described in Section 4.1, on the AC side to demonstrate inertial behavior

150



5.3 Experimental Results and Evaluation

during dynamic events. While frequency support through VSMs has already
been widely investigated in the literature, including standardized test procedures
such as those in [110, 132], the novelty here lies in showing that the IC provides
frequency support proportional to the mean SoC of the DC-side BESSs.

To this end, the experimental setup shown in Figure 5.3 is augmented by an
AC-connected battery, interfaced through a grid-forming IC. The IC supplies
the AC side with both the voltage and frequency reference and enables the
mapping of the collective SoC state of the AC microgrid onto the AC frequency,
following the approach derived in Section 3.2.2. A sudden AC load increase
from 1.2kW to 2.5 kW triggers the system response.

Six experiments are conducted to assess the system behavior at three different
average SoC levels: low, medium, and high. For each SoC level, a pair of

=700 Vbo = 700 Vbo
= 680 = 630
0 0.5 1 0 0.5 1
& 49.95 _— = 49.95 - —
E 49.90 fva'm E 49.90 fvs.m
“. 49.85 el 4985 el
0 0.5 1 0 0.5 1
= 2.00 = 2.00
= — Pom = — Posun
2 0.00 : &, 0.00 :
A 2.00 & -2.00
0 0.5 1 0 0.5 1
= 1.0 = 1.0
205 —SoCpy B 05 —SoCpy
&) : —SoCpa |— @) . —SoCpa [~
@ 0.0 2 0.0
0 0.5 1 0 0.5 1
Time [s] Time [s]
(a) SoC; = SoCsy = 0.3 (b) SoC; = 0.43, SoCs = 0.17

Figure 5.17: Experimental responses to an artificially induced frequency drop at different states of
charge. Each panel shows how the AC microgrid, via the SoG-based VSM, adjusts
its power contribution according to the available energy. Subfigures correspond to
different SoC settings: (a) SoC; = SoCs = 0.3, (b) SoC; = 0.43, SoC2 = 0.17,
(C) SOC1 = SOCQ = 0.5, (d) SOCl = O.G,SOCQ = 0.4, (C) SoC1 = SOCQ = 0.6,
(f) SoC1 = 0.72, SoC2 = 0.465. Adapted from [J2].
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Figure 5.17: Frequency-drop responses at additional SoC settings (continued).
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experiments is performed: one with symmetrically distributed SoCs between
the two DC-side BESSs and one with asymmetrically distributed SoCs but
similar mean values. For example, tests (a) and (b) both correspond to a mean
SoC of 0.3, with configurations of (SoC; = SoC; = 0.3) and (SoC; =
0.43,S50Cs = 0.17), respectively. Similar pairings are carried out for medium
(c, d) and high (e, f) SoC levels.

The results in Figure 5.17 confirm two key findings. First, within each pair
of experiments, the response of the IC is primarily governed by the mean
SoC, and not by its distribution among the BESSs. This demonstrates that the
SoG-based VSM correctly reflects the aggregate energy content of the DC-
side BESSs. Second, comparing across different mean SoC levels reveals that
a higher mean SoC enables stronger frequency support. For instance, in the
low SoC case (a), the frequency nadir reaches 49.8608 Hz, corresponding to a
deviation of 0.1392 Hz. In contrast, under identical load conditions but with a
higher mean SoC of 0.6 (e), the nadir improves to 49.8667 Hz, i.e., a deviation
of only 0.1333 Hz. This corresponds to a relative improvement of approximately
4.24%.

These findings demonstrate that the SoG-based control enables the IC to inher-
ently account for the mean energy state of the connected BESSs. As a result,
the frequency support is both proportional and adaptive, providing a higher
level of stabilization when more energy is available, while maintaining robust
performance in all tested configurations without requiring communication.

5.3.4 Scenario IV: SoG-Based Control with GSL in DC
Microgrid

This experiment investigates the contribution of the GSL concept to stabilize the

DC-bus voltage. To isolate the GSL effect from AC-side dynamics, the microgrid
operates in islanded mode and dynamic support by the IC is disabled. GSLs
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are particularly relevant under constrained supply conditions, accordingly, AC-
side support is suppressed to highlight the GSL contribution independent of IC
dynamics.

Two experiments are conducted in this scenario. In both cases, a resistive load
(APLq = 4kW) is connected directly to the DC-bus at ¢ = 0.1s to induce a
voltage sag. In the first experiment (Figure 5.18), the post-step total demand
remains below the aggregate power capability of the batteries. In the second ex-
periment (Figure 5.19), the post-step demand exceeds the instantaneous power
available under the current limits of the BESSs and PV interfacing converters.
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Figure 5.18: Voltage and power responses to a load step in the DC microgrid for three cases:
baseline without GSL, with GSL, and with GSL plus restoration activation (see
legend). The GSL attenuates the bus-voltage excursion by 13.11 % while requiring
only 10 % variation in its power consumption; with restoration enabled, the load
smoothly returns to nominal after support. Adapted from [J3].
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This worst-case condition is chosen to accentuate the stabilizing contribution of
the GSL. Thereby three configurations are compared: (i) without GSL, (ii) with
GSL responding proportionally to the detected voltage drop, and (iii) with GSL

including

the restoration function introduced in Section 4.2.2. Figure 5.18 il-

lustrates the stabilizing effect of the GSL under normal conditions. The setup
comprises three loads, P41, PrL42, and Pzip. Prq1 and Ppq are converter inter-
faced resistive loads with nominal powers of 4.4 kW and 2.7 kW, respectively.
Pyz1p is implemented as a ZIP load with equal weights wy = w; = wp = 0.33
and a nominal power of 1.8 kW. In the first case (Figure 5.18), without GSL the
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Figure 5.19:

Worst-case overload in which total demand exceeds the aggregate available power
from PV and storage. Responses are shown for three cases: baseline without GSL,
with GSL, and with GSL plus restoration activation (see legend). Without GSL,
the DC-bus voltage becomes unstable. Activating the GSL curtails consumption and
preserves stability; with restoration enabled, the load returns smoothly toward nominal
once the overload clears. Adapted from [J3].
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DC-bus voltage drops by 5.102 V to 694.89 V. With active GSL, the minimum
improves to 695.56 V, which corresponds to a 13.11 % reduction of the peak
voltage deviation, achieved with only a 10 % temporary variation in the GSL
power. The GSL with restoration control achieves a similar improvement in
the reduction of the voltage drop. The restoration thresholds were intentionally
chosen to trigger during the transient event, in order to reveal their influence
on the recovery process. As seen in Figure 5.18, P41 initiates restoration at
approximately 1.5s, P42 at about 1.75s, and Pzp at around 2.0s. Overall,
restoration introduces a delayed action on the voltage recovery because the load
power is driven back to its nominal value while the bus is still settling.

These observations underline the effectiveness of the GSL in mitigating voltage
sags with minimal intervention, even for loads that can provide only limited
support and must return to their nominal operating point.

In the second experiment (Figure 5.19), the post-step demand drives the battery
converters into their current-limited region. In the baseline without GSL, the
condition Pgem > Pavail(t) is met as Ve declines, the bus crosses the protec-
tion threshold V.o, and the system trips at ¢ = 0.927 s. With the GSL enabled,
voltage-contingent curtailment reduces Pep, such that Piey < Payair(t) holds
throughout the event, maintaining Vpc > Vprot and preventing shutdown. After
the overload subsides, the restoration drives the GSL back to its nominal power
without adverse transients.

5.4 Summary and Discussion of Results

The experimental results presented in this chapter address the research ob-
jectives and challenges outlined in Section 2.5, namely: the integration of
decentralized, communication-free SoC balancing, hybrid AC/DC operation,
grid-supportive behavior through VSM and GSL, and robust performance un-
der realistic operating conditions, combined in a unified control concept. The
findings demonstrate that these objectives were achieved despite the challenges
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of heterogeneous storage capacities, asymmetric line impedances, and dynamic
load and generation conditions. The underlying data and scripts for all experi-
ments in this chapter are publicly available in [D1].

Across the four scenarios, several key observations can be stated:

* SoC balancing: In Scenario I, the SoG-based control achieves fast and
robust SoC equalization even under dynamic PV and load changes. Sym-
metric configurations result in the smallest residual mismatches and the
most balanced power sharing. Asymmetric storage capacities and line
impedances introduce predictable challenges, higher steady-state SoC
and power mismatches, yet the control maintains acceptable performance.
The introduction of a PI component improves steady-state accuracy and
reduces FPTs, but at the cost of overshoots and oscillations during tran-
sients. These findings reflect the inherent trade-off between transient and
steady-state performance typical for PI-based SoG controllers.

* AC/DC coupling and SoC-frequency mapping: Scenario II illustrates
that the SoG-based control extends to hybrid AC/DC systems and supports
coordinated energy balancing across domains. The frequency deviations
introduced by the IC reflect the collective SoC and facilitate cross-domain
power sharing, although with slightly degraded precision compared to the
DC-only case.

* Frequency support through VSM: In Scenario III, the integration of
a SoG-based VSM demonstrates that the frequency support provided by
the IC is proportional to the mean SoC of the DC-side BESSs, indepen-
dent of their distribution. This confirms that the SoG mapping reliably
informs the AC-side inertia-like behavior without the need for additional
communication.

* GSL: Finally, Scenario IV highlights the potential of GSLs to miti-
gate voltage sags and maintain stability during extreme load events. The
GSL achieves significant improvement of voltage restoration with mini-
mal power reduction and even prevents system instability in worst-case
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conditions. These results underline the value of GSLs as a fast and lo-
cal support mechanism, especially in constrained or islanded microgrid
conditions.

These findings collectively validate the main hypotheses of this dissertation:

1. The SoG-based framework enables effective and communication-free
SoC balancing.

2. It extends naturally to hybrid AC/DC systems while maintaining accept-
able performance.

3. The combination with VSM and GSL functionalities further enhances
grid-supportive behavior and resilience, both in steady-state and during
transients.

While the control concept performed robustly in all tested scenarios, some
limitations and trade-offs deserve attention. The PI-based mapping improves
steady-state SoC convergence but introduces overshoot and oscillations, which
must be tuned appropriately for specific applications. The observed high relative
power mismatches during periods of very low absolute power highlight the
sensitivity of normalized metrics in such conditions and suggest that absolute
as well as relative indicators should be considered.

Moreover, while the experiments focus on the DC microgrid and the local
AC interlink, the broader interaction with large, constrained AC grids is not
explicitly tested here. Future work could extend the validation to scenarios with
realistic grid impedance and more complex AC-side dynamics.

In summary, the experimental results confirm that the SoG-based control con-
cepts developed in this dissertation meet the design objectives of decentraliza-
tion, scalability, and grid-supportive behavior under realistic and challenging
conditions. The combination of SoG-based balancing, VSM-like inertia, and
fast-reacting GSLs offers a coherent and effective toolkit for the operation of
future hybrid microgrids.
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Future Work

6.1 Summary

This dissertation addresses the challenge of coordinating Battery Energy Stor-
age Systems (BESSs) in hybrid AC/DC microgrids in a fully decentralized,
communication-free manner while (i) balancing the State-of-Charge (SoC)
across the distributed BESSs, (ii) enabling synergistic coupling between DC
and AC microgrids, and (iii) delivering grid-supportive behavior through vir-
tual inertia in AC grids and demand-side support through Grid-Supportive
Load (GSL). Starting from a systematic analysis of the control challenges and
a critical review of existing methods, research gaps are identified in the inte-
gration of SoC balancing, grid support, and scalability in a unified framework
without relying on centralized communication (Chapter 2).

To address these gaps, a State-of-Grid (SoG) control framework is developed
that projects internal energy states into observable grid variables, DC voltage
reference on the DC side and frequency reference on the AC side, so that BESSs
and interface converters can self-organize using only local measurements (Chap-
ter 3). The stability of the proposed SoG method is analyzed within a singular-
perturbation framework, employing Lyapunov functions for the reduced slow
subsystem and the boundary-layer dynamics. The closed-loop system is proven
locally exponentially stable around the equilibrium, and explicit design con-
straints for the mapping gains and Proportional-Integral (PI) parameters are
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derived, clarifying the required time-scale separation and admissible envelopes
for implementation (Section 3.5).

The framework is extended with a SoG-based Virtual Synchronous Machine
(VSM) for frequency support and with GSLs that stabilize DC voltage transients
via Impedance / Current / Power (ZIP)-type load modulation and an energy-
aware restoration strategy (Chapter 4).

The proposed framework is further validated experimentally in the Smart2DC
laboratory, established as part of this dissertation, and tested under realistic
boundary conditions. A structured evaluation methodology is specified in Sec-
tion 5.2. It introduces quantitative performance metrics and a consistent set of
test scenarios to enable reproducible and comparable experimental assessment
under realistic operating constraints. Four representative scenarios demonstrate
the feasibility and robustness of the proposed framework, including its ability
to handle asymmetric storage capacities, heterogeneous line impedances, and
dynamic load and generation profiles (Chapter 5).

On the DC side, the SoG-based control achieves SoC equalization among het-
erogenous BESSs while maintaining the bus voltage within admissible en-
velopes. The method remains effective in the presence of asymmetric line
impedances and unequal capacities, and it does not rely on communication
links. Two variants of the underlying voltage controller are investigated. The
first is a basic proportional version, which can result in steady-state deviations
in the presence of asymmetric batteries or line resistances. The second is a
PI-based version, which compensates these deviations but can introduce small
overshoot during the initial equalization process (Section 5.3.1).

For cross-domain operation, a frequency-based mapping steers the interlink
power according to an SoG mismatch between domains. This enables balancing
across DC- and AC-connected storage while respecting local converter limits
(Section 5.3.2). On the AC side, a SoG-based VSM provides frequency support
with a magnitude that adapts to the available energy, resulting in improved nadir
and recovery metrics under identical disturbances (Section 5.3.3).
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Demand-side flexibility is incorporated through GSL on the DC-bus. A lo-
cal load controller with saturation, hysteresis, and energy restoration reduces
voltage excursions during disturbances and restores nominal service of critical
loads in a controlled manner (Section 5.3.4). The combined results demonstrate
that the proposed SoG concept forms a consistent and reproducible basis for
decentralized coordination in hybrid microgrids.

6.2 Conclusion

The aim of this dissertation is to develop and validate a decentralized control
framework for hybrid AC/DC microgrids that enables SoC balancing across dis-
tributed BESSs, coordinated AC-DC coupling, and concurrent grid-supportive
behavior through virtual inertia and adaptive loads. In response to these research
objectives, this dissertation provides the following contributions:

1. Decentralized control methods for DC microgrids. The proposed SoG-
based controller achieves reliable SoC equalization and power sharing
based solely on local measurements. This conclusion is substantiated by
the experimental results presented in Section 5.3.1 (Scenario I).

In the symmetric baseline (Scenario I (i)), the proposed scheme ensures
effective power sharing and achieves SoC alignment. Across all variations
in load and Photovoltaic (PV) injection, the DC-bus voltage Vpc remains
centered at 700 V with deviations limited to —2.0 % to 1.2 %. After the
First-Passage Time (FPT), both SoC trajectories evolve synchronously,
and the residual deviation remains confined within 0.18 %.

In the case of asymmetric storage capacities (Scenario I (ii)) with Q; =
1.0 Ah and Q2 = 0.5 Ah, the controller maintains convergence of the
SoC trajectories and weighted power sharing. A persistent steady-state
deviation emerges, with Ag.c reaching up to 3.25 %, which is notably
higher than in the symmetric reference. Similarly, with asymmetric line
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resistances (Scenario I (iv)), the SoC trajectories and power sharing re-
main coordinated, although a smaller, steady-state deviation persists. The
residual offset in this case reaches 1.75 %. The larger deviation under
capacity asymmetry arises from physically consistent differences in en-
ergy ratings, whereas line asymmetry produces an apparent offset due
to additional voltage drops across the resistances, which in turn bias the
local SoG signal.

To mitigate the observed steady-state deviations, a small integral compo-
nent is introduced into the underlying voltage controller. This modifica-
tion eliminates the residual offset at the expense of transient overshoot.
For asymmetric capacities (Scenario I (iii)), the FPT decreases signifi-
cantly, accompanied by an initial overshoot. Throughout this scenario,
the DC-bus voltage remains within approximately +1.2 % of its nominal.
Likewise, for asymmetric line resistances (Scenario I (v)), the equaliza-
tion time is reduced by the integral term.

In summary, the proportional SoG mapping ensures monotonic SoC con-
vergence and effective power sharing. If residual steady-state offsets must
be eliminated, the inclusion of integral action is beneficial, provided that
moderate transient overshoots can be tolerated.

Cooperative interaction strategies between DC and AC microgrids.
The proposed SoG-based control framework inherently enables decen-
tralized cross-domain SoC balancing between DC and AC microgrids, by
embedding the SoC of each BESS into voltage and frequency references.
The experimental results presented in Section 5.3.2 and Section 5.3.3
underscore this conclusion.

Scenario II confirms that two BESSs on the DC side and one on the AC
side converge to a common SoC trajectory despite being initialized at
different SoC (SoCgi1 = 60 %, SoCps = 40 %, SoCps = 50 %). The
residual SoC deviation converges below 1 % and remains within 1.7 % in
the quasi-stationary phase. Throughout the experiment, both the DC-bus
voltage and AC frequency stay within tight bounds (683.8 V to 709.6 V,
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48.9 Hz to 50.6 Hz), confirming robust and coordinated behavior across
domains without any communication.

Furthermore, the control method is extended to provide virtual inertia
support concurrent to the SoC-based coordination mechanism. The anal-
ysis and experiments in Section 5.3.3 (Scenario III) demonstrate that the
inertial response of the Interlink Converter (IC) scales with the mean SoC
of the DC-connected storage units and remains largely insensitive to its
distribution. This confirms that the proposed SoG-based mapping allows
the IC to incorporate SoC-dependent inertial behavior without communi-
cation, thereby achieving adaptive and grid-supportive coupling between
DC and AC microgrids.

These findings verify that SoG-driven coupling enables fully decentral-
ized, communication-free coordination of energy exchange and grid-
supportive services across DC and AC domains. Taken together, this
represents a significant advancement toward scalable, resilient hybrid mi-
crogrids where distributed storage units contribute autonomously to both
energy balancing and frequency support.

. GSL for enhanced grid stability. A fully decentralized controller for
converter-interfaced ZIP loads is designed to provide fast voltage support
based solely on local DC-bus voltage measurements. The control method
shapes the output voltage of the load converter via a bounded hysteresis
with saturation, allocates a finite support budget E&SY, and triggers a
deterministic energy-based restoration with the time constant 7}..s. The
scheme is communication-free and compatible with the SoG-based BESS

coordination and the interlink VSM (Chapter 4).

Stability analysis in Section 4.2.3 and experimental results in Sec-
tion 5.3.4 confirm the compatibility and positive impact of the pro-
posed GSL method on system stability. In a 4 kW positive load step the
minimum DC-bus voltage improves from 694.89V to 695.56 V. This
corresponds to a 13.11 % reduction of the voltage sag with only a tem-
porary 10 % power modulation of the GSL. Under worst-case overloads
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beyond the aggregate source capability the controller preserves bus sta-
bility and maintains controllability. After mitigation the load returns
smoothly to nominal within the configured restoration window Tj.s.
The scheme operates fully decentralized and interoperates with the SoG
storage coordination and the IC.

Stability analysis and design conditions for the proposed control
strategies. The theoretical stability analysis presented in Section 3.5
confirms that the proposed SoG-based coordination scheme exhibits lo-
cal exponential stability and, within the admissible operating domain
constrained by saturating integrators and a strictly positive DC-bus volt-
age, semiglobal practical exponential stability. These results are estab-
lished using Singular Perturbation Theory and Lyapunov arguments for
the reduced-order and boundary-layer subsystems. For controller design,
the dimensionless gain condition 0 < o < 0.5S0CAa ; and the inequality
in Equation (3.78) provide actionable tuning rules that translate directly
into parameter selection. These tuning criteria ensure stable behavior and
are compatible with practical implementation.

In addition, the small-signal stability assessment of the proposed GSL
controller, presented in Section 4.2.3, reveals improved damping for I-
and Z-dominated ZIP load compositions, while P-dominated loads remain
largely unaffected. Excessive tuning of the gain kggy, yields diminishing
returns, thereby justifying the use of moderate gains, as confirmed by
the eigenvalue analysis. Taken together, these theoretical and numerical
findings delineate a reliable and well-defined operating range for the
proposed layered control architecture. They also explain the robust closed-
loop behavior observed in the experiments presented in Chapter 5.

. Laboratory demonstrator and structured testing methodology for ex-

perimental validation. To ensure the practical viability of the proposed
control methods, a comprehensive experimental validation is conducted
using the Smart2DC microgrid laboratory established specifically for this
dissertation at the Smart Energy System Control Laboratory (SESCL) of
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Karlsruhe Institute of Technology (KIT). The laboratory provides a mod-
ular and reconfigurable platform based on a non-isolated single-bus ar-
chitecture comprising bidirectional Silicon Carbide (SiC)-based DC/DC
converters, a three-phase AC interface, programmable ZIP loads, and
PV emulation units. In addition to the laboratory infrastructure, a struc-
tured validation methodology is formulated in Section 5.2. It comprises
quantitative performance metrics and a standardized set of benchmark
scenarios. The scenario set systematically addresses islanded DC op-
eration, hybrid AC/DC coupling, SoC-adaptive frequency support, and
demand-side voltage support. The resulting evaluation framework en-
ables reproducible validation procedures and comparable assessment of
decentralized control approaches.

The testbed is designed to reflect realistic conditions of low-voltage hybrid
AC/DC microgrids and supports real-time control via rapid-prototyping
hardware. The experiments cover a range of operational scenarios, in-
cluding DC islanded operation, cross-domain SoC balancing, frequency
support through a VSM, and GSL-based dynamic load support, as out-
lined in Chapter 5.

The laboratory validation confirms that all proposed control methods op-
erate reliably under practical constraints, such as asymmetric component
ratings, limited bus capacitance, and realistic line resistances. Moreover,
the results demonstrate the robustness of the approaches to dynamic dis-
turbances and validate the theoretical predictions presented in Chapter 3
and Chapter 4.

Despite the demonstrated robustness and applicability of the proposed control

methods, several underlying assumptions define the intended scope of operation.

First, the experimental validation assumes practical line resistances equivalent to

distribution-level cabling up to several kilometers. While the approach remains

effective within this range, very long transmission distances can introduce dom-

inant voltage drops that require additional compensation strategies. Second,

the AC-side coupling assumes a predominantly inductive impedance, which
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holds for many low-voltage and medium-voltage grids but can require adapta-
tion in highly resistive or mixed impedance grids. Finally, all stability proofs
rely on Continuous Conduction Mode (CCM) and ideal converter tracking, as
commonly assumed in analytical control design. These assumptions provide a
tractable and practically relevant modeling basis, yet future work may consider
non-ideal regimes and meshed architectures to broaden the applicability.

Overall, the results confirm that the proposed SoG framework presented in this
dissertation provides a scalable, communication-free control method for hybrid
AC/DC microgrids. By coordinating energy balancing, frequency support, and
voltage stability solely via local measurements, the developed methods con-
tribute a significant step toward resilient, autonomous power systems. Their
experimental validation under realistic conditions underscores their potential
for real-world deployment in decentralized hybrid AC/DC microgrids.

6.3 Outlook

This dissertation establishes a comprehensive basis for decentralized self-orga-
nization control of hybrid AC/DC microgrids, including SoG-based VSM con-
trol on the AC side and a decentralized GSL mechanism on the load side.
Building on this foundation, the most impactful future research directions are
outlined in this section.

AC-Side Specific Research Directions

* Impedance modeling and adaptation: The current control design as-
sumes a predominantly inductive AC grid impedance (see Assump-
tion 3.2). Future work could extend this assumption to more general
cases, including resistive or mixed impedance characteristics. This would
allow improved robustness of the control strategy under varying grid con-
ditions and enable broader applicability in diverse microgrid topologies.
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* Formal AC-side stability analysis: While DC-side stability has been
rigorously proven in this work, a formal stability proof of the AC-side
dynamics remains an open topic. Such a proof would need to consider
interactions between grid impedance, converter dynamics, and the hybrid
AC/DC coupling, especially in the presence of grid-forming interfacing
converters and dynamic frequency regulation.

* Reactive power control: In the current implementation, the reactive
power reference is set to Q* = 0, as the focus lies on active-power-
based frequency stabilization. Incorporating reactive power control into
the SoG-based framework offers a promising avenue for extending the
method’s applicability, especially in grids where voltage stability and
reactive power exchange are critical.

GSL-Specific Research Directions

* Adaptive parameter tuning: The proposed GSL mechanism relies on
fixed gains such as kgsy,, scaling coefficients (;, and restoration thresh-
olds. Future work may explore data-driven adaptation strategies, including
reinforcement learning or online optimization, to tune these parameters
in real-time. Such approaches could maximize grid support capabilities
while preserving device longevity and adhering to operational constraints.

* Hybrid AC/DC integration: While the current implementation focuses
on DC-connected ZIP loads, extending the GSL approach to hybrid
AC/DC systems is a natural progression. This would require coordinated
control strategies to provide simultaneous voltage support in the DC do-
main and frequency support in the AC domain, potentially enabling fully
decentralized and GSL behavior across both domains.

* Partial-restoration strategies: In this dissertation, the GSL mechanism
is either active or fully disabled during the restoration phase. Future
research could analyze the stability and performance of intermediate
restoration strategies, where the restoration factor 6 € (0, 1) allows partial
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continuation of GSL action. This could improve damping and resilience
without overburdening the load devices.

System-Level and Hierarchical Extensions

* Integration of tertiary control: The SoG-based framework currently
operates at the primary control level, enabling fast and decentralized
coordination. Future extensions could introduce a tertiary control layer
responsible for optimizing power flow between interconnected microgrids
or between microgrids and the main grid. Such an architecture could
support economic dispatch, congestion management, and energy trading.

* Adaptive SoG-based control: Experimental results show that PI-based
enhancements improve steady-state accuracy, while P-based control of-
fers faster initial responses. This trade-off suggests that adaptive control
schemes capable of switching or blending P and PI action based on oper-
ating conditions, could further improve dynamic performance.

In summary, this dissertation establishes a communication-free control frame-
work that enables self-organizing operation of hybrid AC/DC microgrids and
validates its performance experimentally. The open extensions outlined above
lie beyond the present scope and constitute promising directions to further
advance grid-supportive microgrid control.
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A Appendix

A.1 Proportional Integral (Pl) Voltage Control

The high-level control strategies developed in this dissertation, most notably
the mapping-based method of Section 3.2, provide a voltage reference that must
be accurately tracked by a low-level DC-DC converter controller (cf. Fig. 3.7).
In accordance with Assumption 3.1, the upper-level logic evolves on a slow
timescale and therefore relies on a much faster inner loop to maintain the
prescribed voltage. For completeness and reproducibility, this appendix docu-
ments the implementation of the low-level controller that was employed in the
experimental validation presented in Chapter 5.

A.1.1 Buck Voltage Control

Figure A.1 depicts the cascaded PI architecture adopted for the synchronous
buck converter. An outer voltage loop generates a reference current i*(¢) for an
inner current loop, which directly manipulates the inductor current by adjusting
the Pulse-Width Modulation (PWM) duty ratio dp; (¢). Both loops are realized
as PI controllers with conditional-integration (anti-windup) logic, ensuring ro-
bust performance under actuator saturation.
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Figure A.1: Block diagram of the cascaded PI control for a buck converter with anti-windup. The

outer voltage loop (K;;7 K f ) compares vyof and vmeas and generates the current

reference ¢* through a limiter with back-calculation (elﬁaLt and egat). The inner current

loop (KZ,, Kf) compares ¢* and ¢meas and produces the duty command d via a second
limiter with anti-windup. The PWM maps d to the gate signal u.

Control Laws
Let
ey(t) = V() — Vineas(t), ei(t) =" (t) — imeas(t), (A.1)

be the voltage and current tracking errors, respectively. The unsaturated PI
outputs are defined as

t
() = ~Kpeult) - K [ eu(r)ar (A2)
0
t
du(t) = —Kb es(t) — K / ei(r) dr, (A3)
0

where K and Ky are the proportional and integral gains of the outer voltage
controller, and K, and K1 are the proportional and integral gains of the inner
current controller, respectively. All gains are treated as positive constants chosen
to meet the desired bandwidth and robustness specifications.

Physical limitations are enforced via saturation operators,

P*(t) = satp,,, i (0(6) (A4
d(t) = Sat[o’ 1] (du (t)>7 (AS)
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with 41, 2max derived from component ratings and limits. To prevent integrator
wind-up during saturation, the integral states ¢, and ¢;(t) with

Ly (t) ::/0 ey (7)dr, 4i(t) :z/0 ei(r)dr. (A.6)

obey the following conditional-integration dynamics, in analogy to the anti-
windup formulation presented in Equation (3.38):

t(t) = L (ty, €0), ti(t) = 7 (1, e;). (A7)

dt dt

This strategy freezes the corresponding integrator whenever the associated ac-

tuator is saturated, thereby preserving stability margins and ensuring rapid
restoration once the control signal re-enters the admissible range.

A.1.2 Boost-Converter Voltage Control

Figure A.2: Block diagram of the cascaded PI control for a boost converter with optional feedfor-
ward and antiwindup. The outer voltage loop (K;’ , K ;’) forms ey, = Vref — VUmeas
and generates the current reference i* through a limiter with back-calculation (ef,,

and es’im). The inner current loop (K. ;‘,, K f) regulates e; = i* — imeas and, together

with a duty feedforward d.,, based on the measured V4,51 and Vpc, produces the duty
command. A duty limiter with antiwindup yields d, and the PWM maps d to the

switching signal u.

A brief comparison of the circuit topologies in Figure 2.4 highlights why this
structural difference is essential. The buck converter shown in Figure 2.4(a),
typically used for supplying local loads as discussed in Section 2.2.3, exhibits
a non-conducting output path when the duty cycle d is initially set to zero. In
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this case, the lower switch is off and no current flows to the load, which means
the converter starts up from zero voltage in a controlled manner as d increases.

In contrast, the boost converter shown in Figure 2.4(b), which is used for
interfacing BESSs and PV sources (see Section 2.2.4), exhibits a fundamentally
different behavior. When d = 0, the lower switch is fully on, directly connecting
the battery to the inductor. If the output capacitor is initially discharged, this
can lead to very high inrush currents, potentially exceeding device ratings.

To prevent such undesirable transients, the duty cycle is initialized using a
feedforward estimate based on the steady-state relation d = Vi, /Voys. This ap-
proach improves the startup behavior by anticipating the required duty ratio and
avoiding abrupt current surges. It effectively acts as an open-loop compensation
stage and complements the closed-loop PI control structure described above.

Figure A.2 shows the cascaded PI voltage controller used for boost converters.
The overall structure closely resembles the buck converter scheme described in
Section A.1.1, comprising an outer voltage loop and an inner current loop with
conditional-integration anti-windup mechanisms.

The key difference lies in the duty cycle computation. Instead of directly map-
ping the PI output to the duty ratio, the output of the current controller is first
augmented by the measured battery voltage V5(t), and the resulting sum is then
normalized by the measured DC-bus voltage Vp(t):

VB (t) —+ upr (t)

dult) = Vba(t)

(A.8)

This additional computation stage serves as an optional feedforward path that
improves dynamic performance during sudden load transients by compensating
for variations in the input voltage.

As before, the resulting duty cycle is subjected to saturation:

d(t) = satp,1] (du(t)) , (A9)
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with the corresponding integrator dynamics frozen if saturation occurs.

This extended formulation completes the documentation of the cascaded PI
voltage control implementations used in the experimental setups of this disser-
tation.

Implementation Remarks

+ Tuning methodology — The proportional gains K3 and K}, were selected
via frequency-domain loop-shaping, targeting a crossover-frequency ratio
of roughly 10:1 between current and voltage loops. The integral gains
were then chosen to eliminate steady-state error while maintaining a
phase margin in excess of 50°.

e Sampling and computation — All control laws are executed within a
100 kHz interrupt service routine; hence the inner loop benefits from a
single-cycle latency.

* Reference limiting — Prior to saturation, i (¢) is clipped by design limits
derived from inductor current ratings and thermal considerations, ensur-
ing safe operation under all tested conditions.

The foregoing formulation provides a self-contained and reproducible descrip-
tion of the cascaded PI voltage-control scheme used throughout this work.
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A.2 MPPT Perturb and Observe

In the context of this dissertation, a modified Perturb and Observe (P&O)
algorithm was employed to perform Maximum Power Point Tracking (MPPT)
of a PV system. The algorithm is based on an advanced method presented in the
literature [35], yet it is not the focus of the research conducted here but rather
serves as a tool to optimally adjust the operating point of the PV system.

Compared to the conventional P&O method, the algorithm used here imple-
ments a deliberately constrained search space strategy. Instead of traversing the
entire P-V curve, the search is limited to the vicinity of the Maximum Power
Point (MPP), which reduces both the response time under irradiance changes
and the steady-state oscillations around the MPP.

The algorithm operates with two voltage thresholds, defined as 65 % and 95 %
of the open-circuit voltage V.. If the operating point lies outside this predefined
range, the duty cycle D is adjusted by a defined step size AD to quickly bring
the operating point back into the optimal range.

The MPPT algorithm applied in this work is illustrated in the flowchart shown
below. These modifications lead to improved efficiency and stable operation of
the PV system, even under changing weather conditions.
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START
f Measure Iy, Vi /

AP =P, — P AV =V — Vi1

d=d+ Ad |[+—Yes Vie < Vinin

No

d=d—Ad |+—Yes

Yes Yes
I\io I\io
d=d— Ad d=d+ Ad d=d—Ad d=d+ Ad

RETURN

Figure A.3: Flowchart of the modified P&O MPPT used in this work. The method measures
(I, Vi), computes AP = P, — P,_1 and AV = V}, — Vj._1, constrains the
operating point to a predefined voltage window [Vinin, Vinax], and updates the duty
cycle d in steps of =Ad according to the signs of AP and AV to maintain operation
near the MPP.
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A.3 Space Vector Representations and
Transformation into Rotating Reference
Frames

The analysis of three-phase electrical systems can be significantly simplified by
transforming the quantities such as currents and voltages from phase variables
(a, b, ¢) into a two-axis system. In particular, the so-called Clarke transformation
(abc — aB) and the subsequent Park transformation (a8 — dq) play a central
role in this process. The Park transformation, often also referred to as the vector
or dq transformation, allows quantities that are time-varying in the stationary
reference frame to be represented as (nearly) time-invariant quantities in the
rotating reference frame. This greatly facilitates the control and state analysis
of power electronic systems and electrical machines [60, 157].

A.3.1 Clarke Transformation (abc — af3)

The first stage, the Clarke transformation, converts the three-phase quantities
Zq, Ty, T into two orthogonal components z, and £3. A common formulation

is [60]:
Ta) 1
Zp B 0

This transformation is also referred to as the a3 space vector representation.

1\ [P
2) o | - (A.10)
T2

Le

|
IS et

Geometrically, it corresponds to a projection of the three-phase system onto two
orthogonal axes (« and (3). Ideally, this yields a rotating vector that contains the
same information as the original three-phase system.
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Normalization and Variants

Various normalization factors for the Clarke matrix are found in the literature.
A commonly used formulation that ensures power invariance is:

T 2 (1 -t -1 o
o 2 2

=\/3 | - (A.11)
(m) 3<0 & f) N

A.3.2 Park Transformation (a3 — dq)

The second stage is the Park transformation itself, which transfers the system
into a rotating reference frame. The transformation is defined as [60]:

Tq cosf sinf Ty
= . (A.12)
Zq —sinf cosf/) \zs

Here, 6 is the angle of the reference frame, typically determined by a Phase-
Locked Loop (PLL). In the synchronously rotating reference frame, 6 corre-
sponds to the time integral of the grid frequency w = 27 f.

dq Transformation

The dq transformation converts the two-axis system («/3) into a synchronously
rotating coordinate system (dq). The relationship between the components x4,
24 and the original phase quantities z,, Zy, Z. can be expressed directly as an
abc — dq transformation:
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Tq 9 [ cos® cos (9 — %ﬂ) cos (9 + %’r) La
3 o | . (A13)

—sinf —sin(@—%ﬂ) —sin(9—|— 2?“) -

Here, 6 denotes the instantaneous phase angle of the coordinate system. This
transformation accounts for the rotational components of the individual phase
axes and enables the representation of the system as DC quantities in the
synchronous rotating reference frame.

In the synchronous case, the d component x4 appears as a DC quantity, while the
g component x, can represent either the reactive power or the torque component,
depending on the application.

Inverse Transformation

To transform back to the phase quantities (abc), the inverse Park transformation

is applied first:
To)  [cos 0 —sind Tq (A14)
3 sinf  cosf Zq ’ .

followed by the inverse Clarke transformation:

Tq 1 0
X
o | = -1 @ <xz> ) (A.15)
1 V3
Le 2 T2

Alternatively, the inverse dqg — abc transformation can be expressed directly as
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cosf —sinf

Zq
27 : 21 Zd
zp | = | cos (9 — 7) —sm( — 7) . (A.16)
x
cos (9 + %’T) —sin (9 + %’T)
This transformation converts the components x4 and x, in the rotating coor-
dinate system back into the phase quantities x,, xp, and z.. It is commonly

used to calculate the three-phase setpoints for the control of converters from
the controller output.

A.4 Derivation of the Model Equations

This section explains the derivation of equations (A.23)—(A.24). The model
equations are based on the application of Kirchhoff’s laws to the AC side.

Derivation on the AC Side (I,; and I,)

The starting point is the voltage equation for one of the three phases z €
{a,b,c}:

Ll%'il,a: + Rlil,a: = Vconv,z — Vl,x (A17)

where:

e L; is the inductance and R; is the series resistance between the converter
and the grid,

* Vconv,q denotes the converter output voltage,

* v, represents the grid voltage.
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By transforming this equation into the d—q reference frame, the differential equa-
tions for the d- and g-components of the current are obtained. Cross-coupling
terms appear due to the transformation into the synchronously rotating frame:

d

Llalld —weLilig + Ri1ig = Veonv,d — Via, (A.18)
d

Llallq + OJngIld + Rlllq = chonv,q - ‘/l,q- (A19)

The converter voltages in d —q coordinates can be expressed in terms of the
modulation signals ug4 and u:

‘/conv,d _ Vb [ ud (A.20)
‘/;onv,q 2 Uqg -

Substituting these expressions and rearranging yields equations (A.23)—-(A.24):

: R 1 Vi,d

L= ——1 I — - — A21
1d 7, la + wgliq + 5L, Vbcoug I, ( )
. Rl 1 ‘/2 q

L, = ——1;, —wy] —W - . A22
lq 7, wglig + 51, DClq L ( )

A.5 Cascaded Voltage and Current Control of
the Interlink Converter

Grid-connected converter systems are inherently time-varying, as the grid volt-
ages oscillate sinusoidally at the fundamental frequency. This time variance
complicates both modeling and controller design. To obtain a simple and de-
coupled control structure nevertheless, voltage and current quantities are trans-
formed into a reference frame that rotates synchronously with the grid frequency
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(often referred to as the dg reference frame, dq0, vector reference frame, or syn-
chronous reference frame) [60, p. 67 ff.]. A detailed mathematical description
of this transformation is provided in Appendix A.3.

The so-called Clarke and Park transformations (see Appendix A.3) ensure
that sinusoidal quantities in the three-phase system (abc) appear as (nearly)
stationary quantities in the dg frame. This allows the active (d-axis) and reactive
power components (g-axis) to be controlled independently [60]. The derivation
of the dynamic equations is based on a grid model with resistance R and
inductance L, where the phase voltages v,, vp, v. and currents ¢, i, ¢, are
transformed into vg, v4, ¢4, and 4.

In the dq reference frame, the following differential equations result (see deriva-

tion in Appendix A.4):
: R 1 Via
fy= -2, Ly + —Vooug — 22, A23
1d I, +wglig + 51, DCUq I, ( )
. Ry 1 Vig
L, = ——1;, — w,I —W — =, A.24
lq 7, wgliqg + 5L, DCUq I, ( )

Alternatively, the well-known form of the dg-voltage equations is given by:

i

vy = Rig + L % —wLig+ eq, (A.25)
o

vq:RqurL%quLidJreq, (A.26)

where:
* vg, Vq: voltages in dg coordinates,
* 14,14 currents in dq coordinates,
* eq,€q: induced voltages or grid voltages,

* w: angular frequency of synchronous rotation.
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The cross-coupling terms +wLi, and +wlig in (A.25)-(A.26) dynamically
couple the axes. To reduce the control effort, these terms are compensated by
feedforward control:

i

vl :Rid—i-L% —wLi,, (A27)
B ) dig )

v, =Rig+ L I + wlLig. (A.28)

The complete control laws of the inner current control loop are:
N . dig ) . .
vy = Rig + LE —wliqg+ Kp;, (1% —ia) + Kig, [ (05— iq)dt, (A.29)

vy = Rig + Ldf: +wliq+ Ky, (iy —iq) + Ki i, /(zq —ig)dt. (A.30)

The outer voltage control loop compares the setpoint voltages v and v with the
measured voltages vg and v, respectively, and generates the current setpoints
iy and ig:

i = Ky, (05— va) + Ky, /(@; — vg)dt, (A31)
Z‘Z =Ky, (v;]k —vg) + Ki, /(v; — vg)dt. (A.32)

Actuator constraints and anti-windup mechanisms are implemented to prevent
integrator wind-up and maintain stability under saturation conditions [158].

A key property of the dg-based control is the ability to control active power
(P) and reactive power ((Q) independently. For a balanced three-phase system
in synchronous rotation [60]:

P = % (vaia + vqiq), Q= % (Vgiq — vaiq)- (A.33)
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In many grid control strategies, the d-axis is aligned such that v, ~ 0. Under
this condition:

* Active power (P) can be controlled by adjusting the phase angle between
the grid and converter voltages, which corresponds physically to the so-
called power angle, approximately proportional to the sine of the phase
angle. The d-axis refers to the active power component.

* Reactive power (Q)) is primarily influenced by the voltage magnitude. A
difference in amplitude between the converter output and the grid voltage
results in a reactive current component in the g-axis.

For this decoupling to be effective, the converter must satisfy the following
conditions:

1. remain synchronized with the grid phasor (e.g., via a PLL),
2. assume or enforce a balanced three-phase system,

3. implement decoupling and feedforward strategies to mitigate cross-
coupling effects.

Once these conditions are met, active power can be controlled through phase
angle adjustment (via i4) and reactive power through voltage amplitude adjust-
ment (via i4). This is a major advantage of dg-based control over scalar voltage
and frequency control.

At high loads or during voltage sags, the setpoints cannot always be realized.
Therefore, actuator constraints are imposed:

* Maximum current: |ig+ j iq| < imax to prevent semiconductor overload-
ing,

» Maximum voltage setpoint: [v} + j v;| < Vinax, limited by the DC-link
voltage and modulation scheme.
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If these limits are reached, the integrators of the PI controllers are limited
through anti-windup mechanisms (e.g., back-calculation or conditional inte-
gration) [158], which prevent integrator wind-up when the controller outputs
saturate.

Control Structure Overview

1. Outer control loop (power control): generates the setpoints iy, i, based
on the desired active and reactive power (e.g., DC-link voltage control for
P; voltage support for Q).

2. Inner control loop (current control): decouples the d- and g-axes and
controls 74, 74 to their setpoints via PI controllers.

3. Modulation: converts the resulting v}, v; into abe coordinates and drives
the IC.

The transformation into the dq reference frame enables largely decoupled con-
trol of active power (via the phase angle) and reactive power (via the voltage
magnitude) in grid-connected applications. Crucially, the converter must be
synchronized to the grid phasor via PLL and assume an approximately bal-
anced three-phase system. On this basis, the inner current control loop achieves
high dynamic performance and robust tracking of the setpoints. The outer con-
trol loops shape the desired active power (e.g., via DC-link voltage control)
and reactive power (e.g., via voltage support), closely interacting with the grid
measurements and setpoints.

For advanced aspects of tuning PI current controllers in grid-forming converters,
including stability under weak-grid conditions, LCL filter design, and adaptive
parameter adjustment, the reader is referred to the comprehensive treatment
in [159].
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A.6 Time-Scale Separation

In many engineering systems, different dynamic processes evolve on distinctly
different time scales. This property can be systematically exploited in modeling
and control design to simplify the overall system description and enable more
efficient analysis.

A well-established mathematical framework for the analysis of such systems
is the Singular Perturbation Theory [160, 72]. The key idea is to explicitly
separate the dynamics into fast and slow components by introducing a small
perturbation parameter . This structure allows for a hierarchical analysis and
controller synthesis, where the fast and slow dynamics are treated sequentially.

The singularly perturbed model of a dynamical system can be written as [72,
p. 371f]:

&= f(t,z, z,¢e), (A.34)
ez =g(t,x,z,¢), (A.35)

where f and g are continuously differentiable functions in their arguments
(t,x,z,e) € [0,t1] x Dy x D, x [0, 0], with D,, C R™ and D, C R™ being
open, connected domains.

In the limiting case € — 0, the second Equation (A.35) reduces to an algebraic
constraint:
0=g(t,x,z0). (A.36)

The model is said to be in standard form if (A.36) admits k& > 1 isolated real

solutions:
z=hi(t,x), i=1,2,...,k. (A.37)
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This condition ensures that each equilibrium of (A.36) corresponds to a well-
defined reduced system with n states. For each solution manifold (A.37), sub-
stituting into (A.34) and setting ¢ = 0 yields the so-called reduced system:

i = f(t,z,h(t,z),0). (A.38)

This reduced or quasi-steady-state model describes the slow dynamics of the
system, under the assumption that the fast states z instantaneously adjust to their
equilibrium values. This assumption is justified because, for small ¢, it holds
that 2 = g/e, implying very fast dynamics of the z-subsystem whenever g # 0.
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A.7 Hardware Components

This appendix provides additional information on the hardware components of

the Smart2DC microgrid laboratory used in the context of this dissertation.

Table A.1: Power Electronics Components

Component Manufacturer ‘ Type/Model Remarks
Power Imperix PEB8038 SiC-MOSFET,
Half-Bridge 800V, 38A,
200 kHz
Rapid Control Imperix B-Box RCP Dual-Core ARM
Prototyping + Kintex FPGA,
Platform 250 kHz control
PWM Signal Imperix Optical Galvanically
Chain Transmission isolated,
noise-immune
Table A.2: Sensing Components
Component Manufacturer ‘ Type/Model Remarks
Current Sensor Imperix DIN-Rail ML50A |99 mV A—1,
(£50A) 200 kHz
bandwidth,
galvanically
isolated
Voltage Sensor | Imperix DIN-Rail 2.46mV VL
(£800V) MLS800V >60 kHz
bandwidth,
galvanically
isolated

213



A Appendix

Table A.3: Energy Sources and Loads

Component Manufacturer ‘ Type/Model Remarks

PV/Battery EA / Delta PSI 1000 / Bidirectional,

Emulator SM15K-CP 15kW,
autoranging up to
1500V

Programmable EA / in-house - Adjustable load

DC Loads design profiles, dynamic
tests

Table A.4: Passive Components

Component Manufacturer Type/Model Remarks

Inductor 2.36 mH | Hahn V23105 Line filter,

/20 A passive rack

EMI Filter Schaffner FN3025HP-20-71 | Grid-side
interference
suppression

Capacitors KEMET / C274AC35100SA | Line filter /

500 pF Arcotronics 0J damping

Resistors Fritzlen HS25 1R0J adjustable slide

192-100Q/ resistors

10kW
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A.8 Singular Perturbation Method

For completeness, Theorem 11.4 on the stability of singularly perturbed systems
from [72] is stated below. This theorem provides the theoretical foundation
for the stability analysis of the controlled DC microgrid system presented in
Section 3.5.

Theorem A.8.1 (Stability of Singularly Perturbed Systems). Consider the
singularly perturbed system

&= f(t,z,z,¢€), (A.39)
ez =g(t,x,z ¢e), (A.40)

where x € R™, z € R™, ¢ > 0, and f and g are sufficiently smooth! functions.
Assume the following conditions hold:
(C1) f(t,0,0,e) =0, g(¢,0,0,e) =0 forallt >0, ¢ € [0,&0).

(C2) The equation g(t,x,z,0) = 0 has an isolated solution z = h(t,x) with
h(t,0) = 0.

(C3) The functions f,g,h, and their derivatives up to second order are
bounded for z — h(t,x) € B,,.

(C4) The reduced system
T = f(t,z,h(t,x),()) (A41)

is exponentially stable.

“Sufficiently smooth” refers to functions possessing as many continuous derivatives as required
by the analysis. For example, if the application of the theorem demands continuous second
derivatives, then the functions are considered sufficiently smooth if they are at least C2. The
precise smoothness requirement is context-dependent and typically indicated as C'*, where
k € NU {oo} denotes the number of continuous derivatives.
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(C5) The boundary-layer system

d
d—y = g(t, 2,y + h(t,z),0) (A.42)
.

is exponentially stable, uniformly in (t, x).

Then there exists €* > 0 such that for all 0 < € < €*, the equilibrium of the
full system (A.39)—(A.40) is locally exponentially stable.
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