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The increasing deployment of inverter-based resources (IBRs) in power systems has funda-
mentally shifted their roles, requiring them to deliver many grid services traditionally provided 
by synchronous machines. While most existing IBRs are grid-following, tracking the system 
frequency, the vision of a 100 % converter-operated grid requires these resources to establish 
grid voltage and frequency actively. This transformation necessitates grid stability, adequate 
response to disturbances, and reliable ancillary services, thereby leading to the emergence 
of advanced Grid-Forming (GFM) control strategies. These approaches leverage the speed 
and flexibility of power electronic converters alongside the stabilizing characteristics of 
synchronous machines, enabling effective support for microgrids and bulk power systems.
This thesis introduces a novel GFM converter control strategy from a power system per-
spective that attains global stability. The approach is developed in three phases. In Phase 
1, the ‚Phase Restoring Principle‘ (PRP) is introduced, which utilizes an innovative angular 
transformation to generate a nominal grid frequency without an additional master control. 
Hence, emulating an ideal source with infinite inertia and the response is free of undesirable 
swing dynamics. Building on this foundation, Phase 2 incorporates an enhanced active power 
control to achieve steady-state active power limitation and facilitates cooperation with other 
sources through arbitrary setpoint dispatches. Phase 3 addresses current limitations based 
on the voltage magnitude limiter concept with innovative usage of anti-windup methods. Thus, 
protecting semiconductor devices during severe faults while preserving GFM characteristics. 
Comprehensive validation is provided through analytical derivations, numerical simulations in 
various simulation domains, and a laboratory environment by adopting Power-Hardware-in-
the-Loop tests. The results confirm global stability and robust performance across various 
network configurations, demonstrating that the developed control scheme is mature and 
viable for practical GFM field applications.
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Kurzfassung  

Die weltweit in elektrischen Energieversorgungssystemen zunehmende Anzahl 
von Umrichter-basierten Komponenten erhöht deren Bedeutung hinsichtlich der 
Bereitstellung von Systemdienstleistungen (SDL). Zur Aufrechterhaltung der 
Netzstabilität und Versorgungszuverlässigkeit müssen Umrichter-basierte 
Betriebsmittel zukünftig einige der bisher von Synchronmaschinen (SM) 
erbrachten SDL übernehmen. Die überwiegende Mehrheit der gegenwärtig 
installierten Umrichter verfügt über eine netzfolgende Regelung. Jedoch erfordert 
die Vision eines zu 100 % auf erneuerbaren Energien (EE) basierenden Systems 
die Fähigkeit, die Netzspannung und somit die Netzfrequenz ausschließlich mit 
Umrichtern zu bilden. Infolgedessen haben aktuelle Entwicklungen zu 
netzbildenden Regelungskonzepten geführt, um die Schnelligkeit und 
Flexibilität von leistungselektronischen Komponenten mit den 
stabilisierenden Eigenschaften von SM zu kombinieren. Um diesen 
Herausforderungen zukünftiger Energieversorgungssysteme zu begegnen, wurde 
im Rahmen dieser Dissertation eine neuartige netzbildende Umrichterregelung 
entwickelt, implementiert und validiert.  

Insbesondere für Microgrids mit einem hohen Anteil an EE haben sich 
netzbildende Umrichter als praktikable Lösung zur Sicherung der Stabilität 
erwiesen. Das Grundverständnis für das Systemverhalten von großflächigen 
Energieversorgungssystemen mit netzbildenden Umrichtern befindet sich 
allerdings noch im Anfangsstadium. Dennoch haben weltweit Netzbetreiber und 
Verbände mit den Definitionen von Anforderungen an netzbildende Anlagen 
begonnen. Das Hauptaugenmerk liegt auf der schnellen Anpassung des 
Systemverhaltens, um die Regelungsstabilität aufrechtzuerhalten, die Wirk- und 
Blindleistung zu regeln sowie die Netzsynchronisation und Kompatibilität mit 
anderen Betriebsmitteln zu gewährleisten.  

Um eine unterbrechungsfreie Unterstützung durch netzbildende Komponenten 
zu garantieren, müssen in allen Netzsituationen die Betriebsgrenzen der 
Umrichter eingehalten werden. Insbesondere die begrenzte Stromtragfähigkeit 
der Leistungshalbleiter ist hierbei eine maßgebende Kenngröße. Infolgedessen 
muss das Konzept eine Strombegrenzung beinhalten, die sowohl einen Beitrag 
zum Fehlerstrom als auch zur Aufrechterhaltung der Netzspannung leistet. 
Zusätzlich sind präzise Definitionen zur Bereitstellung von 
Systemdienstleistungen netzbildender Umrichter notwendig. Aufgrund der 
Freiheitsgrade beim Regelungsdesign ist es sinnvoll, die Perspektive von den 
Betriebsmitteln auf das Netz zu übertragen und die Regelungsanforderung aus 
Sicht der Netzstabilität zu definieren. 
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Im Rahmen der vorliegenden Arbeit werden Stabilitätsaspekte untersucht, die aus 
der Zunahme von Umrichter-basierten Betriebsmitteln resultieren und daraus ein 
neues Regelungskonzept für netzbildende Umrichter abgeleitet. Die Entwicklung 
der Regelung erfolgt in drei Phasen: 

Zunächst wird das neue „Phase Restoring Principle“ (PRP) Regelungskonzept 
vorgestellt, dass die wesentliche Phasen-Frequenz Kohärenz in 
ausgedehnten Netzen gewährleistet. Dieses Konzept verzichtet auf eine 
Phasensynchronisation zugunsten einer neuartigen Winkeltransformation zur 
Bildung der Netzfrequenz. Hierbei kehrt die Netzfrequenz trotz fehlender 
überlagerter Regelung stets auf den Nominalwert zurück. Somit entspricht das 
Verhalten einem physikalischen Netzäquivalent mit einer hohen Trägheit, 
vergleichbar mit einer idealen Spannungsquelle. Außerdem ist die Reglerantwort 
frei von Schwingungen, wirkt dämpfend und erreicht auf direktem Wege stabile 
Arbeitspunkte. Somit wird das, beispielsweise von National Grid (UK) 
vorgeschlagene, Kriterium des „Limited-Vector-Shift“ berücksichtigt. Bei der 
Entwicklung der netzbildenden Regelung stellt das PRP die unterste Ebene in der 
Reglerhierarchie dar, auf der die überlagerten, langsameren Regler aufbauen. 
Diese Reglerhierarchie priorisiert Störungsverhalten vor Führungsverhalten.  

Die stationären Arbeitspunkte des Systems werden mithilfe eines analytischen 
Ansatzes hergeleitet. Die Forderung von Existenz und Eindeutigkeit zulässiger 
Arbeitspunkte bedingen eine Einschränkung der Systemparameterbereiche. Die 
generalisierte Beschreibung des Kleinsignalverhaltens wird durch Linearisierung 
ermittelt. Unabhängig von Netzparametern und -topologie wird anschließend die 
globale Stabilität (einschließlich Netz und Regelung) analytisch bewiesen.  

In der zweiten Phase wird das Konzept durch eine optimierte 
Wirkleistungsregelung erweitert, um den Verbundbetrieb mit anderen 
Erzeugungsanlagen bei beliebigem Wirkleistungseinsatz zu ermöglichen.  

Unter Berücksichtigung der Kompensation der transienten Gleichstrom-
komponente wird in der dritten Phase eine Strombegrenzung implementiert, die 
auf innovativen Regelungsansätzen wie Anti-Windup-Methoden basiert. Die 
netzbildenden Eigenschaften bleiben dennoch erhalten und es wird ein robustes 
Regelverhalten bei schwerwiegenden Fehlern erreicht. 

Anschließend wird das Regelungskonzept und dessen drei Entwicklungsstufen in 
einem realistischen ohmsch-induktiven Testsystem sowohl analytisch als auch 
mithilfe numerischer Simulationen untersucht. Nach Erweiterung der PRP-
Regelung kann für die betrachteten Fehlerszenarien ein robustes Reglerverhalten 
nachgewiesen werden. Darüber hinaus wird das PRP-Konzept mit etablierten 
netzbildenden Umrichtertopologien, Synchronmaschinen und idealen 
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Spannungsquellen verglichen. Hierbei werden das Regelungsverhalten und die 
Randbedingungen der Modellierung in verschiedenen Domänen (RMS, EMT) 
untersucht. Zusätzlich wird die Funktionsfähigkeit mithilfe eines 
Echtzeitsimulators im Rahmen eines Power-Hardware-in-the-Loop Prüfstandes 
demonstriert. 

Die durchgeführten Untersuchungen belegen die Leistungsfähigkeit des PRP-
Konzepts. Hierbei konnte die globale Stabilität unter Verwendung geeigneter 
Parameter nachgewiesen werden. Außerdem genügt das Reglerverhalten den 
Anforderungen zur Bereitstellung von Systemdienstleistungen und gewährt 
zusätzlich die Kompatibilität zu anderen Betriebsmitteln. Die gesamte 
Reglerstruktur besitzt Vorzüge gegenüber bestehenden netzbildenden 
Regelungen. Das im Rahmen der Arbeit entwickelte Konzept ist systemtechnisch 
ausgereift und eignet sich für den großflächigen praktischen Einsatz von 
netzbildenden Umrichtern in bestehenden und zukünftigen elektrischen 
Energieversorgungssystemen.
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Abstract  

The rising number of inverter-based resources (IBRs) deployed in power 
systems worldwide has led to redefining their roles with evolved service 
requirements. In the future, to maintain grid stability and reliability, IBRs 
will need to deliver some of the services synchronous machines still provide. 
Currently, almost all installed IBRs are grid-following, essentially following 
the system frequency and offering only a subset of benefits. However, 
envisioning a 100 % converter-operated system requires the ability of IBRs 
to participate in creating the grid voltage and, hence, the grid frequency. 
Thus, recent developments have led to Grid-Forming (GFM) controls, which 
combine power electronic equipment’s speed and flexibility with 
synchronous machines’ stabilizing characteristics. To tackle future power 
system challenges, a novel GFM converter control is conceptualized, 
implemented and validated as part of this dissertation. 

GFM is well-established, particularly for microgrids and a necessary enabler 
for high integration of IBR-interfaced renewable resources with enhanced 
capability for stability. Understanding its impact on bulk power system is still 
in the early stages, but regulatory bodies have begun to define various tiers 
of requirements. The primary emphasis is on rapidly adjusting to system 
changes to maintain control stability, regulate active and reactive power, 
synchronize with the grid, and ensure compatibility with devices in the 
power system. Furthermore, to ensure uninterrupted support from the GFM 
resource during severe disturbances, it is required to characterize the 
converter operation during the current limiting mode. This mode is typically 
defined by a converter’s hardware capability and the ability to transition in 
and out of this restricted range. Thus, the GFM control should achieve 
current magnitude limitation with fault current contribution, have recovery 
capability to protect the semiconductor devices and sustain the grid. 

Additionally, the technological transition necessitates new definitions of 
system demands and services, concise explanations of main characteristics, 
and utilization of services offered by GFM in bulk power systems. Due to the 
flexibility in design offered by these IBR controls, it is prudent to change 
perspective from inverter requirements to evolving system needs to derive 
GFM capabilities. 

In a broader context, GFM assures global stability of a power system. The 
objective of this thesis is to propose a control strategy for GFM converters 
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from a power system perspective that attains global stability. The control 
strategy is developed in three phases. 

In Phase 1, a new concept called the ‘Phase Restoring Principle’ (PRP) is 
introduced, which preserves the essential phase-frequency relationship of 
voltage in extended power systems. PRP generates a nominal frequency via 
a novel angular transformation, ensuring exclusively phase-frequency 
stability. The power system frequency always returns to its nominal value 
with minimal order dynamics and no additional master control. Therefore, 
it presents a physical equivalence of an unlimited source and is analogous to 
an ideal slack. Further, the response is free of non-beneficial swing dynamics 
and attains the new operating point directly displaying the limited Vector 
Shift criteria proposed, for example, by National Grid (UK). PRP is the 
fundamental building block in developing the GFM control with slower 
control dynamics built over it. This concept prioritizes response to 
disturbances over response to setpoint changes from the control hierarchy.  

The steady-state operating point, uniqueness, and boundary conditions of 
the system are derived analytically, as mandated by the ‘Existence Theorem’. 
The requirement of existence and uniqueness imposes a restriction on one 
parameter ratio of the overall system model. The generalized small-signal 
solution of the control principle is deduced and evidenced based on the 
linearization method. The proof of global stability of PRP is displayed based 
on the necessary boundary conditions and small-signal criteria indicating 
stable control behavior independent of variations in network parameters and 
topology (e.g., strong or weak grid). 

Further, Phase 2 development addresses the need for steady-state active 
power limitation and relaxes the constant frequency response of PRP, though 
dynamic current overshoots are inherent. The Phase 1 control is enhanced 
with optimized active power control (APC). This allows the scheme to 
cooperate with other sources considering arbitrary active power dispatch via 
setpoints. 

Finally, Phase 3 considers current limitation by adequate control of voltage 
magnitude. A current limiting control based on the voltage limiter concept 
with innovative usage of anti-windup methods is supplemented. The 
algorithm helps preserve the GFM properties while maintaining voltage 
source behavior and provides the best possible control response under severe 
faults.  

The complete control concept and its three distinctive development stages 
are numerically investigated in a realistic ohmic-inductive test bench, and 
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power system stability is analyzed under various network configurations. 
Simulation results for each phase are presented to support the 
mathematical hypothesis and visualize the controller’s response. The 
control scheme is extensively tested to ensure robustness under normal 
operating ranges, severe faults, and weak grid scenarios without other active 
sources (i.e., Short Circuit Ratio of zero). PRP responses are also compared 
with typical voltage sources and known GFM schemes. Investigation in both 
electromagnetic transients (EMT) and root mean square (RMS) simulation 
domains are conducted. The control scheme is further demonstrated and 
validated on a real-time simulator in a laboratory environment by adopting 
Power-Hardware-in-the-Loop test benches.  

The above investigations reinforce the control performance, enabling 
interoperability with other converter controls and fulfilling ancillary 
service requirements. The complete control scheme retains global stability 
under a viable choice of parameters. The comprehensive development of the 
PRP control scheme reveals its capabilities and advantages against existing 
GFM schemes. The developed scheme is mature and viable for transfer to 
GFM field applications. 

 





 

1 

1 Introduction 

This section presents the background and the motivation behind the work. 
A primer is first provided, discussing the necessity for investigating new 
converter control strategies enabling high-penetration of power electronics 
(PE). The essential grounds include technological leap, cost incurred due 
to inaction, impacts of high inverter-based resource (IBR) penetration, and 
the challenges arising due to the high share of renewables. Lastly, the 
outline of the thesis is reported, including the research proposal, the 
structure of the thesis and the publications related to the different sections. 

1.1 Motivation for new converter strategies  

The power system is undergoing unprecedented changes resulting in a shift 
in the power generation and transmission from the classical synchronous 
generator to IBR and DC-based transmission. Some of the services formerly 
provided by synchronous machines (SM), especially those inherent to 
rotating inertia and its accompanying frequency and voltage control 
mechanisms, are reduced or no longer available. Thus, the power system is 
transformed to low inertia and, hence, a weak grid. To tackle the challenges 
associated with the retirements of SMs, power system requirements 
previously served by SM will be reliant on IBRs with new and advanced 
functionalities. 

Existing IBRs are primarily wind turbines, solar photovoltaic (PV) arrays, 
and batteries operating with state-of-the-art control concepts called Grid-
Following (GFL), offering some benefits. The fundamental GFL IBR design 
assumption relies on a sufficient number of SMs in the grid to provide a 
relatively strong and stable voltage and frequency signal, which GFL IBRs 
can ‘follow’. However, as grid strength declines, the power system is 
susceptible to transient voltage instability, impacting system dynamics and 
causing converter instability in the GFL IBRs. Thus, the power system 
stability and reliability will be significantly challenged by system 
development and operation in this future decarbonized grid. [1, 2] 

The limitedly abled GFL controls need to be replaced by new advanced 
converter controls capable of supporting the grid voltage and frequency, 
thereby maintaining system stability. Additionally, envisioning a 100 % 
renewable-based system or a converter-operated system requires the ability 
of IBRs to become the primary support for stable grids. This lays the 
foundation of the concept of Grid-Forming (GFM) IBRs. GFM converters 
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have been widely researched. Several installed projects of GFM functions 
have successfully been tested and deployed in microgrids and are under 
commissioning in larger grids. A general understanding of GFM controls 
and their impact on bulk power system (BPS) performance is still in the 
early stages. Nonetheless, the technology shows significant promise [3–5]. 

1.1.1 Technological leap  

Power systems around the globe are on the brink of making this 
technological leap. Analysis and findings of system conditions with high 
IBR proliferation show the benefits of GFM controls, and various 
equipment vendors have commercially available products that can provide 
GFM capability. While GFM converters still need to be examined and 
adjusted to specific system conditions (similar to GFL), they are expected 
to be advantageous compared to the GFL schemes. GFM converters play a 
critical role in contributing to the stability and reliability of the BPS under 
high IBR conditions (> 75 %−  80 %) [1, 6].  

However, today, system operators (SOs), planners, asset owners, and 
manufacturers need assistance deploying advanced IBR controls. Procuring 
or mandating services from IBRs to serve system needs without thoroughly 
understanding their capabilities can be challenging. Hence, it may lead to 
operational constraints. Simultaneously, manufacturers are unable to 
incentivize the deployment of new advanced IBR controls due to a lack of 
precise technical specifications to serve system requirements. These 
challenges result in creating economic and deployment constraints. It is 
imperative that researchers, original equipment manufacturers (OEMs), 
SOs, and policymakers work jointly to develop requirements, norms, 
technologies, and commissioning mechanisms for this advanced 
technology that reflect evolving grid reliability needs. Identifying practical 
capabilities of equipment to address the conditions effectively is crucial. 
Thus, placing system requirements foremost, rather than equipment 
constraints, in defining the GFM capabilities is essential [5, 7, 8].  

1.1.2 The cost of inaction  

Failure to break from the conundrum of requirement and deployment may 
have far-reaching negative consequences, hindering the ability to meet 
energy transition targets and thus increasing the costs. The cost of inaction 
may be very high. Countries like Australia, Ireland, and the United 
Kingdom (UK) envision a 100 % renewable power system by 2025 [9], while 
the European Union target to achieve carbon neutrality by 2050 [10]. This 
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is feasible by solely depending on renewable energy as an electricity source, 
typically IBRs. Such a system would be volatile and operate on high 
instantaneous levels, ensuring system stability through sufficient GFM 
assets. IBR interconnection worldwide comprises hundreds of gigawatts 
(GW) with a high share of battery storage. With precise requirements and 
planning, a significant proportion of these battery storage resources could 
be equipped with GFM functionality today, avoiding the costs of installing 
much larger grid-supporting devices or additional grid reinforcements. A 
prime example of the preceding scenario is the project named ‘Netzbooster’ 
(Grid Booster). It is a 250 MW battery-based GFM energy storage system 
supplied by Fluence Energy Inc. to the German Transmission System 
Operator (TSO) TransnetBW GmbH [11]. In contrast, customers will incur 
additional costs implementing GFL with additional reliability measures in 
the absence of precise requirements and market incentives [7]. 

1.1.3 Impact of high inverter-based resource penetration 
with system overviews  

The power industry is learning from small and medium island systems with 
high penetrations of IBRs or GFM pilot projects. Based on these networks, 
challenges can be determined which aid in design strategies for large 
systems representing most of the world’s power consumption. Stability 
risks manifesting in four types of power systems with high IBR penetration 
Broadly, the prime stability risks under high IBR share include frequency, 
voltage, angular and control stability [1]. The reasons are discussed for the 
four types of power system below and in depth in Section 2.4. 

Small Islands: Small permanent island system such as Hawaii is rapidly 
approaching a 100 % IBR proliferation level. As these islanded systems 
need to maintain stable operation without assistance and aid from 
neighboring grids, the key stability issues encountered include frequency 
sensitivity due to low inertia, leading to large Rate of Change of Frequency 
(RoCoF). Voltage instability due to voltage events, control-driven issues, 
and protection coordination are the prime challenges. Recent GFM-based 
battery development projects have shown promise, but unexpected 
behaviors are foreseen due to a lack of knowledge [1, 12, 13]. 

Medium Islands: Medium island systems are in the GW range. As an 
example, Ireland includes very high wind generation shares with two 
HVDC interconnectors and has achieved 75 % IBR penetration. These 
medium-sized island systems experience voltage-induced frequency dips 
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due to wider-area low-voltage propagation during faults. Thus, causing 
more pressing frequency-related issues than voltage stability [14]. 

Large Islands: For large island systems in several GW range, stability 
concerns depend on the size of the largest contingency relative to the 
system size, geographic dispersion of IBRs, and distance between IBR 
generation and load centers. In tightly integrated large island systems such 
as Great Britain, inertia limits are implemented, and fast frequency 
response (FFR) is introduced due to frequency stability-related risks. In 
Texas (for political reasons, Texas operates its power grid as an island), 
mainland Australia, and remote parts of Great Britain, IBR generating units 
are located far from load centers. Hence, voltage stability and low system-
strength concerns, result in weak interconnection in these IBR-dominated 
regions. Weak interconnections may split into several electrical islands, 
increasing complexity, and furthering the stability issues. Specific solutions 
have been implemented in these large islanded systems, including 
minimum inertia, introducing FFR products, GFL based IBR tuning, etc. 
However, better understanding and utilizing GFM devices’ capabilities is 
paramount [1, 15, 16]. 

Geographically interconnected systems: Large-scale power systems, 
such as the entire Continental Europe synchronous area, the Eastern and 
Western Interconnections in North America, and the national grid in 
China, are generally resilient. These systems are not expected to operate 
with 100 % IBR in the near future. However, issues pertaining to high IBR 
share may create challenges, especially in weaker and more localized grids 
leading to voltage and control stability issues.  

One potential issue is the possibility of system separation or split scenarios 
dividing the interconnected grid during peak loadings. A prime incident 
was witnessed on 08 January 2021 at 14:05 Central European Time (CET). 
The Continental Synchronous Area in Europe was separated into two 
frequency areas (northwest and southeast areas) due to the tripping of 
several transmission network elements [17]. This results in power 
imbalances for each subsystem after the separation, resulting in rapid 
frequency excursions. Without effective countermeasures, frequency limits 
would be exceeded causing loss of generating units and, finally, leading to 
a system blackout. This is an increasing concern in Continental Europe 
under high cross-border trade and IBR penetration, and necessary 
precautions via GFM IBRs supplemented by FFR are underway. Another 
challenge for systems with heavily loaded transmission corridors is 
maintaining steady-state and dynamic voltage stability. The German TSOs  
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have identified solutions to this issue that may include Static Synchronous 
Compensators (STATCOMs), High Voltage Direct Current (HVDC) links, 
and GFM-capable technologies that can provide sufficient energy buffers 
during and after significant disturbances [1, 2, 18, 19]. 

Figure 1.1 provides an overview of the stability risks for the six exemplary 
power systems mentioned above in a qualitative manner. Here, the color 
denotes red as high risk, yellow as medium risk, and green as risk-free. 

1.1.4 Arising issues to meet the future needs 

On the rationale mentioned above, some of the issues which need 
addressing for a high share of IBRs are listed below [2, 7, 20–22]:  

• Methods and Depth of Modelling: This comprises of an accurate 
representation of power electronic converters, their controls, 
limitations, and procedures of stability assessments in both time 
and frequency domain. 

• Control Stability: This includes control interaction with the rest 
of the system (sub - and super - synchronous controller interaction) 
and the different control strategies pertaining to GFL and GFM. 

• Power System Stability: It relates to a more holistic system 
concept of stability, studying impacts on all levels and time-scales, 

 
Figure 1.1: Stability risks identified in various power systems were published in 
November 2021 in article [1] (Figure is modified and adapted from [1]).  

  
( ntact)

  

  
(System 
Split)

 B

  

 R

  

 
re
q
u
en
cy
 

S
ta
b
il
it
y 
R
is
k
s

 
o
lt
ag
e 
an
d
  
n
gl
e 

S
ta
b
il
it
y 
R
is
k
s

  

 R
   B     

 
o
n
tr
o
l 

S
ta
b
il
it
y 
R
is
k
s

   R

 B

  

  

  

      entral  urope       exas   B   reat Britain       ustralia   R   reland       awaii

 ncreasing Risk



1 Introduction 

6 

including angle separation, frequency and voltage issues, frequency 
response, and increased RoCoF. Grid interconnection studies assist 
in understanding the stability issues related to IBRs connected to 
the grid, causing voltage fluctuations, frequency instability, and 
grid imbalances. 

• Power System Operation and Control: The transition to IBR 
impacts system- and device-level operation and control. The 
requirements for the operation of future low-inertia grids need to 
be understood and considered. 

• Protection: Protection coordination and sufficient short circuit 
current may also be challenging in future power systems unless 
addressed with modern and new protection philosophies. 

1.2 Research proposal  

Two main targets constitute the backbone of this thesis: firstly, discussing 
the concepts, definitions, and requirements for the deployment and 
understanding of GFM for a bulk power system. Secondly, a novel GFM 
control scheme developed from a power system perspective and its proof 
of concept. 

Target I: Holistic GFM requirements in bulk power system 

This target involves understanding the problem statement, outlining the 
requirements, and analyzing the potential of GFM converters in stabilizing 
a system with high penetration of IBR generation. As this technology is at 
its inception, precise requirements have yet to be uncovered. In designing 
services to meet needs, the flexibility of the converter can be exploited to a 
significant level. It is possible to create services based on the wide latitude 
of the converter’s functionality and meet system obligations more 
effectively rather than mimicking the services offered by SMs or reusing 
known converter control concepts. Recognizing that there is no one-to-one 
mapping between service and needs is essential and is addressed by this 
work. Therefore, the aim is to achieve power system stability and rethink 
the design and services offered by the GFM for a bulk power system. 

Given the centrality of equipment performance during disturbances, a core 
element of today’s system planning and operation relies on accurate system 
studies using advanced power system modelling and simulation 
techniques. Modelling is a mathematical solution of a physical system, 
including an inevitable numerical error. Therefore, developing insights into 
the present institutional reality of modelling and analyzing system 
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dynamics is accented in the thesis’s goal. In the evolution to systems with 
high levels of IBRs, with a complex mix of GFL and GFM IBR, there is an 
increasing need for electromagnetic transient (EMT) analysis in addition to 
phasor domain analysis to aid in design and evaluation of power systems. 
This work further highlights the structural limitations of phasor domain 
modelling and exemplifies its impairing stability analysis under high shares 
of IBRs. The potential issues related to implementing a GFM control 
algorithm are discussed, and a possible solution is proposed providing an 
overview of the advantages and challenges of this technology. 

Target II: A proposal of a Grid-Forming control scheme 

The second objective of this thesis is to develop a GFM control scheme that 
caters to the requirements and quality parameters outlined by Target I. The 
control development is carried out in three distinct phases, where each 
subsequent phase builds on the previous phase:  

• Phase 1 (PRP) focuses on development of the fundamental and 
novel building block called ‘Phase Restoring Principle’ (PRP). 

• Phase 2 (PRP + APC) supplements PRP with enhanced active power 
control for power dispatch capability.  

• Phase 3 (PRP + APC + CL) lastly, synthesizes a current limiting 
control compatible with the second phase. 

The above notation is used to reference control development throughout 
the thesis. Obtaining a stable response from the cascaded control structure 
inherently prioritizes the response to disturbances over setpoint 
adaptations, an essential requirement highlighted in Target I for the GFM 
to stabilize the power system. 

To ensure robustness and validity, every phase of development is 
mathematically analyzed and simulatively verified in both online and 
offline environments. The ‘Existence Theorem’ is employed to assist in 
establishing the necessary and sufficient conditions for obtaining a stable 
operating point. According to the phenomena of interest, attaining small-
signal stability between the GFM control scheme and power system 
interactions is among the goals of this thesis. Achieving global stability 
through the PRP scheme is a significant objective. This is performed by 
considering sufficient parametric conditions for operating points’ existence 
and applying linearized theory for closed-loop small-signal analysis to 
prove PRP’s stability independent of the variation of network parameters 
and loading. The investigations are focused on the boundary between root 
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mean square (RMS) and EMT domain, demonstrating similar results in 
positive sequence EMT. The positive sequence system of EMT domain 
(termed as averaged) is calculated by a moving average filter (i.e., sliding 
window discrete Fourier transform over one cycle) and matches the RMS 
results under nominal frequency condition in the network. Thus, 
accounting for the modelling details and analysis. 

Thus, the two targets above encapsulate the issues of control stability, 
methods and depth of modelling, and analysis of IBRs. Control stability is 
one of the essential building blocks on which system stability and load 
dispatch rely. 

1.3 Structure of the thesis  

Chapter 1: This chapter introduces the future power system trends and the 
research topic’s motivation. It also provides an overview of the research 
proposal, thesis structure, and related publications.  

Chapter 2: This chapter outlines the foundational concepts and theory 
required for comprehending further chapters. State-of-the-art control 
principles and current limiting methodologies of GFM converters are 
discussed with the aim of a classification. The latest developments in the 
grid code and aspects of GFM control requirements are presented based on 
the power system perspective. Further, the modelling aspects of converters 
are derived considering the influence of time step on EMT and phasor 
domains numerical simulation, discretization of control, and digital 
simulation of analog systems. 

Chapter 3: The novel control scheme based on ‘Phase Restoring Principle’, 
fulfilling key system needs, outlined in Chapter 2, is introduced. The 
chapter is subdivided into sections based on the development phases of the 
PRP control, including a description and its corresponding analytical 
derivations. Sufficient existence, uniqueness, global stability, and 
boundedness conditions met by appropriate choice of network parameters 
are evidenced. The small-signal stability of the linearized closed-loop 
transfer function under the restriction of realistic large loads corresponding 
to small phase conditions is evidenced. Further, the general small-signal 
solution in the frequency domain with no load constraints is derived. The 
control extension with active power loops for arbitrary power dispatches is 
derived. The safety constraints of the power converter by augmenting a new 
current limiting control compatible with PRP is described.  
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Chapter 4: This chapter provides simulative evidence of the analytical 
deductions obtained in Chapter 3. The simulations are performed with 
PSS®NETOMAC for the development of stability analysis under single and 
double converter topologies and loadings. Small-signal stability 
corroborating the analytical investigations is simulatively visualized. A 
plethora of simulation cases is conducted to describe the control’s 
robustness under challenging network conditions such as weak grid and 
islanded scenario, low Short Circuit Ratio (SCR = 0), three-phase bolted 
faults, and small as well as large disturbances.  

Chapter 5: Unique characterization of the PRP control and performance 
with current control is presented and discussed in this chapter. The scheme 
is compared against voltage sources and other well-known GFM schemes. 
PRP at the functional level is contrasted against Phase-Locked Loop (PLL), 
whose destabilizing effects are described. The inertial response of PRP is 
illustrated and correlated to a slack or ideal machine. The fulfillment of 
most of the reported grid code requirements or desired features is related 
to PRP’s attributes.  

Chapter 6: This chapter presents a real-time demonstration of the PRP 
control scheme on a multi-converter test bench including Control- and 
Power-Hardware-in-the-Loop. The interaction of PRP control with real 
hardware and another GFM control scheme is validated.  

Chapter 7: This section concludes the thesis by providing an outlook on 
possible future research topics. 

The publications related to this thesis are reported in the Appendix and are 
assigned to the different chapters as given in Table A 7.  

1.3.1 Preface adopted in this thesis  

PRP is an offspring of the idea to map the phasor of RMS to the phasor in 

dq representation − averaged − in EMT domain viable in case of constant 
frequency condition. Therefore, at first, the mathematics described in this 
work is in the continuous or frequency domain (Laplace). However, the 
simulation model considers both RMS and EMT domain with discrete 
controller modelling especially in context with current limitation aspects.  

Before evaluating the working principles of PRP, the novel building block, 
and its extensions applied to form the Phase 3 (PRP+APC+CL) GFM 
control, the following notions are adopted in this work:  
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• The benchmarked network model consists of an ohmic-inductive 
system reflecting the characteristic of the majority of power systems 
around the fundamental frequency. 

• Under disturbance converters and machines are inductive in nature 
from a small-signal sense. Therefore, emphasis on the inductive 
characteristic of converters is placed. 

• The control system operation is examined to achieve power-
frequency stability under regular operating conditions. 

• The investigation originated from investigations at the boundary 
between EMT and RMS domains. The RMS domain is understood 
to reflect positive sequence system quantities.  

• The active sign convention is adopted as such generating unit has 
positive power flow, whereas loads have negative power flow. 

• Circuit diagrams follow the passive sign convention with English 
voltage source orientation (conventional current flow). 

• PRP assumes free energy exchange between AC and DC power 
systems (e.g., a battery or a capacitor bank). 
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2 Converter control requirements and 
modelling for renewable dominated 
networks  

This chapter provides the foundation for understanding the technology of 
Grid-Following (GFL) and Grid-Forming (GFM) converters. The 
fundamental system needs must be met to maintain reliability and stability 
by comprehending the evolving power system’s advanced modelling and 
simulation techniques. Section 2.1 discusses the classification of converter 
control based on system strength and their relevance in the bulk power 
system to achieve stability. The main distinguishing characteristic of GFM 
is its control scheme. Hence, this section scrutinizes and contrasts the 
state-of-the-art and upcoming schemes. The impact on stability and 
methodologies of current limitations on GFM are also presented as an 
integral part of converter control in Section 2.2. Recommended definitions, 
present-day grid codes, global experiences in formulating requirements, 
and characterization of GFM IBRs of some countries, are presented in 
Section 2.3. Additionally, an introduction to the concept of stability of a 
dynamic system with its implication under high IBR in the power system is 
discussed. An overview of the techniques adopted in evaluating the stability 
of GFM control for further chapters is supplied. Lastly, a general 
formulation of modelling and simulation of discrete control systems to 
thoroughly study grid stability in a high IBR-based future is discussed in 
Section 2.5. Simulation tools also need to evolve as the generation mix 
continues toward higher shares of control-driven IBRs (both GFL and 
GFM). While phasor domain simulations remain at the center of stability 
assessment, the increasing need to supplement models and studies with 
electromagnetic transient domain is also discussed. Section 2.6 
summarizes the complete chapter. Terminology notations are available in 
Abbreviations & Symbols. Certain chapter sections are published in articles 
and conferences, such as J3, C1, C2, C3, C4, C5 and C13, cited in Table A 7. 

2.1 Classification of converters based on control strategy 

Two network limiting cases need to be addressed when designing the 
different control schemes for IBRs. The first is a strong power system better 
served by GFL, and the second is a weak grid scenario suited for GFM. 
Figure 2.1 (a) and (b) show typical GFL and GFM converter representations, 
respectively.  here is no universally agreed definition of the industry’s 
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recently coined terminologies of GFL and GFM. According to [7], the 
topology of a GFL converter unit may be approximated to a controlled 
current source with a high parallel impedance. In contrast, a GFM 
converter is represented via a voltage source with low series impedance. 

In a strong power system, both active and reactive power controls are 
developed, which indirectly control frequency and voltage. This design is 
favorable for the state-of-the-art current control installed in the power 
system. The new term for this type of control is the GFL converter [21]. 
Current-controlled converters regulate the current injection into the power 
system based on the terminal voltage measurement and prioritize given 
power setpoints. Due to the setpoint approach, these converters inject 
power independent of voltage or frequency deviations at the terminal.  

In case of a weak grid where voltage and frequency controls are developed, 
active and reactive power are at their limits and influenced indirectly. This 
serves as an advantageous design for voltage control. With increasing 
proliferation of IBRs, the future power system is transforming into a weak 
grid; hence, voltage control design, or GFM, is considered a future solution 
[23]. GFM converters consist of control approaches allowing the converter 
to directly control the terminal voltage and form the grid voltage purely by 
converters considering necessary reserve and storage [5, 24–27]. 

2.1.1 Grid-Following and associated issues 

The present-day grid-connected converters worldwide are operated and 
controlled based on the mature technology called GFL. A GFL converter is 
designed to measure and follow the grid voltages and inject current to 
provide appropriate power; hence, known as GFL. Figure 2.2 presents an 
exemplary control structure. The active and reactive power injected by the 
GFL converter unit into the grid is regulated by controlling active and 

 
Figure 2.1: Simplified converter representation (a) Grid-Following (GFL); (b) Grid-
Forming (GFM) (adapted from [5]). 
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reactive currents. The converter may entail additional outer loops to 
modify active and reactive current setpoints to regulate grid frequency and 
voltage at the Point of Common Coupling (PCC). The current setpoints are 
calculated with respect to the phasor at the fundamental frequency of the 
grid voltage. The injected currents are controlled to have a specific phase 
displacement to the grid voltage at the PCC. Therefore, a dedicated 
synchronization unit is necessary to estimate the magnitude and phase of 
the grid voltage. The commonly adopted solution uses a PLL or advanced 
and robust modifications of a PLL. PLL is an essential element for the GFL 
technology and is widely used for synchronization and tracking the system 
voltage waveform, typically at the PCC. When analyzing weak grid 
scenarios, the synchronization unit’s dynamic response and the fast inner 
control loop need to be considered, as the converter dynamics affect the 
voltage at the P  .  his is due to the volatile voltage vector’s magnitude 
and angle, and the voltage waveform may deviate from its balanced 
sinusoidal shape. Hence, synchronization is challenging and may not be 
precisely performed, leading to control instability. Thus, this fast-acting 
synchronizing function may lead to detrimental effects in weak grid 
scenarios and has been studied at length in various works [5, 24–27]. 

Therefore, the present-day control design based on PLL does not support 
or stabilize the power system but essentially emulates a current source. 
Furthermore, this control scheme is unable to deliver fast energy injection 
and is hence devoid of inertial response under disturbance. GFL based IBRs 
require a minimum system strength (SCR > 1 %) for stable operation and 
cannot be an initial black start resource. Both system strength and SCR are 
defined for reference in Appendix A1. Thus, it cannot operate a power 
system with 100 % GFL-based IBR penetration, and research community 
has perused the concept of GFM as an alternate robust IBR controller [5, 
24–27].  

 

Figure 2.2: Exemplary control structure of a GFL converter (adapted from [28]).  
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2.1.2 Grid-Forming and its prospects 

The concept of GFM converter technology has materialized to serve future 
power system needs by offering the speed and flexibility of PE equipment 
combined with the stabilizing characteristics of SMs. A typical control 
structure of a GFM converter, is described in Figure 2.3. A GFM control 
creates its internal reference based on the power flow of the converter 
instead of using the grid voltage to generate its reference for the control 
scheme. A GFM control scheme may operate without a PLL for 
synchronizing to the grid. Thus, a GFM converter operates analogous to a 
SM but is not identical to a machine [5, 24–27].  

Prevalent approaches for attaining stability in future grids imitate the 
machine’s swing equation in PE converters and are termed ‘Virtual 
Synchronous  achine’ ( S ).  S  control is currently the most 
commonly used in GFM IBR pilots, primarily due to its similarity to SM 
behavior [7]. Other approaches include emulating droop-based and inertia 
characteristics of SM with GFM converters dependent on energy storage 
elements. Droop-based and its variants are another popular control 
scheme. Another emerging GFM control is the virtual oscillatory control, a 
decentralized control based on emulating dynamics of coupled nonlinear 
oscillators or ‘Liénard-type oscillators’ and machine matching control, 
combining aspects of primary and inner current control. The Siemens New 
Grid Access (NGA) technology for large offshore wind power plants 
implemented the GFM technology with a frequency-locked loop (FLL) for 
a robust solution. Recent GFM schemes have recognized PLL’s drawbacks 
and considered direct power control variants based on instantaneous 
power theory as a possible concept but yet to be implemented. The key 
distinction of these schemes lies in their active power control loops and 
synchronization technique [1, 7, 21, 29–33]. 

 

Figure 2.3: Exemplary control structure of a GFM converter (adapted from [28]). 
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Table 2.1 presents the fundamental differences between GFL and GFM 
converter and control schemes [27, 31, 33, 34]. The following sections 
provides an overview into some of the popular GFM methodologies.  

2.1.2.1 Droop control 

The Droop control concept is based on a reactance-dominated 
transmission system frequency and voltage droop characteristics. The 
control structures regulate the active and reactive power by simulating 
traditional SMs’ 𝑃/𝑓 and 𝑄/𝑉 droop characteristics. It is widely used to 
enable load sharing in distributed generation (DG) networks with parallel 
connected converters due to an easy implementation. It does not rely on 
communication links between the converters. It is the most 
straightforward implementation of a machine’s equation, disregarding the 
smoothing time constant. It is one of the most widely used methods of GFM 
control and is used in nearly all experimentally implemented 
microgrids [35]. The governing droop equations are derived using the 
expression for the transmitted apparent power over a transmission line and 
are given in (2.1) and (2.2) where, 𝜔 is angular frequency and 𝑉 stands for 
voltage. The measured active and reactive power are denoted with 𝑃meas 
and 𝑄meas, while 𝑘p and 𝑘q are frequency and voltage droop coefficients 

respectively. The quantities 𝑃ref, 𝑄ref, 𝜔ref and 𝑉ref indicate reference 
values. Figure 2.4 illustrates a basic method to acquire phase 
synchronization [32, 36]. 

Table 2.1: Duality of GFL and GFM converters [27, 31, 33, 34]. 

Attributes GFL GFM 

External performance Current source Voltage source 

Type of applicable grid Strong Weak or island operation 

Black-start capability No Yes 

Standalone operation 
No, dependent on other 
resources and provides 
only grid support 

Yes 

Dynamic performance 
Control IBR current 
magnitude and phase angle 

Control IBR terminal 
voltage magnitude and 
angle or frequency 

Synchronization 
mechanism 

PLL or equivalent is 
mandatory 

PLL or equivalent is 
optional 

Functional behavior Lack of inertial response 
Fast energy injection in 
the inertial timeframe 
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𝜔 = 𝜔ref − 𝑘p(𝑃meas − 𝑃ref) (2.1) 

𝑉 = 𝑉ref − 𝑘q(𝑄meas − 𝑄ref) (2.2) 

This control structure obtains 𝜃 through frequency estimation based on 
active power output, thereby disregarding a PLL in its control structure and 
providing an inertial response similar to SMs. The block diagram in Figure 
2.4 shows that the measured active and reactive power is passed through 
the low-pass filter to discard the measurement noises and stabilize the 
control loops. However, higher values of the droop coefficients result in 
better power-sharing with degraded voltage regulation. This scheme has a 
slow transient response and is unable to handle smooth load sharing 
between parallel-connected converters in the case of nonlinear loads [32, 
34, 37–39].  

2.1.2.2 Virtual Synchronous Machine (VSM) control 

The ‘ irtual Synchronous  achine’ ( S ), also known as   S  , was 
initially introduced by Beck and Hesse in 2007 [37, 40]. The approach is 
based on emulating the machine swing dynamics, which yields the inertial 
response and creates a voltage phase angle as a reference. Thus, this 
concept does not require a PLL to be synchronized with the grid. Multiple 
control algorithms have been proposed, which primarily differ in the depth 
of emulation, amount of additional current, and voltage control and may 
include a PLL for enhanced stabilization. However, they all include some 
form of the swing equation. The second-order swing equation emulation 

 
Figure 2.4: General control scheme for the droop-based control (a) active power loop; (b) 
reactive power loop ( adapted and modified from [36]). 
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can be approximated to represent a VSM. The inertial dynamics of a VSM 
is described below in the Laplace domain: 

𝑇a ∙ 𝑠 ∙ 𝜔VSM ≈ 𝑃ref − 𝑃e − 𝑘d(𝜔VSM −𝜔ref) (2.3) 

where, (𝑇a = 2𝐻) is the mechanical time constant representing rotor 
inertia, 𝜔𝑟𝑒𝑓 is rotational grid frequency, 𝜔VSM is the rotating speed of VSM, 

𝑃ref and 𝑃e represent the reference active power and electrical power 
output, respectively, and an additional damping coefficient 𝑘d is defined. 
The resulting control structure is depicted in Figure 2.5. VSM is currently 
the most commonly used control scheme in GFM IBR pilot projects 
primarily due to its resemblance to the synchronous machine [7]. 

A comparison between Droop control and VSM control performed in [37], 
revealed striking similarities. An equivalence between the two control 
strategies is derived in [37]. The VSM control features better damping, 
lower overshoot, and better frequency stability due to larger inertia 
compared to Droop control which is of interest in low inertia systems such 
as microgrids. However, due to the swing dynamics the output active power 
of VSM is more oscillatory creating challenges in coordination of VSMs, 
SMs and other GFM based control schemes [32, 34, 37–39]. Additionally, it 
is anticipated that this ‘machine-like’ behavior could result into oscillations 
between devices, mimicking electromechanical instabilities [1]. 

 

Figure 2.5: General control scheme for the Virtual Synchronous Machine (VSM) control 
(a) Active power loop; (b) Reactive power loop (adapted and modified from [37]). 
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2.1.2.3 Other upcoming control concepts 

A few recent concepts are described below with illustrations in Figure 2.6. 

Siemens New Grid Access (NGA) (2015) was one of the early GFM control 
approach developed by Siemens AG for the New Grid Access (NGA) project, 
which utilizes offshore AC to HVDC conversion by diode rectifiers and a 
high-performance voltage source converter (VSC) located onshore. This 
GFM control strategy was robust and based on advanced approaches with 
FLL implementation. As depicted in the vector diagram (Figure 2.6 (a)), 
two dynamically coupled control quantities act on the phase:  

• 𝜗(𝑓) is the contribution of the frequency controller to the total 
angle of the converter output voltage, and 

• 𝜗(𝑃) contributes to the active power controller providing an 
operating point to the total angle.  

The NGA project helped develop some key insights into the weak grids and 
evolving power system. It was established that conventional current 
control would not support the ability to operate the wind turbine 
generators (WTGs) with diode rectifiers due to the inherent discontinuous 
change in the mode of operation and being connected to weak grids. The 
standard synchronization method utilizes a PLL or FLL, where an FLL is a 
more robust solution [41]. A key insight gained was frequency detection 
had to be the fastest and a weak coupling existed between reactive power 
and frequency, hinting at the impedance characteristic of the power 
system. It generated frequency and stable operation. Though NGA 
considered a ring bus configuration, it was not investigated for an extended 
power system with varying parameters and topology [21, 42–44]. 

Virtual Oscillator Control (VOC) (2019) is a control concept proposed to 
output voltage phasors by simulating the dynamic properties of limit cycle 
oscillators, such as dead-zone oscillators and Van der Pol oscillators. It is a 
sinusoidal time-domain implementation that uses only the output current 
of the converter as input and can respond to instantaneous current changes 
without voltage measurement, power calculation, or power filters. A 
pictorial representation is shown in Figure 2.6 (b). Based on phasor 
representation, VOC controls cause the IBR to act as a nonlinear oscillator 
with a dead zone. It has been successfully applied to several microgrid 
networks [7, 29, 34, 38, 39]. 

Matching control (2020) mimics the behavior of a synchronous machine 
by emulating the back-end DC side of a converter, where the current flow 
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Figure 2.6: Upcoming GFM concepts – (a) Siemens New Grid Access (NGA) [43]; 
(b) Virtual Oscillator Control (VOC) [34]; (c) Matching control [45]  
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through the DC bus is controlled by using the energy transfer relationships 
between capacitor and inductor elements. It is an emerging control 
technique that aims at creating a coupling between the frequency and 
active power balance by achieving a crucial coupling between the DC-side 
voltage and the AC-side frequency. It is a very new concept under 
development and shown in Figure 2.6 (c) [7, 29, 34, 38, 39, 45]. 

The above discussed GFM controls operate with the underlying principle 
of an operating point’s existence without focusing on generating a constant 
frequency and achieving global stability [29]. The existing concepts are 
realized from a controlled source perspective and not based on power 
system dynamics. Hence, a gap exists to address the GFM control 
requirements to obtain a stable operation starting from a system needs 
perspective [7]. This opens a large window of research, development of 
control concepts, and converter requirements to be established for GFM. 

2.2 Current limiting control concepts for Grid-Forming 
under symmetrical disturbances  

The GFM control concepts are required to operate during normal and 
disturbance conditions. The converter’s short-circuit capability is a 
fundamental distinction between a GFM converter and a synchronous 
machine during faults. During an overcurrent event, a synchronous 
machine provides the maximum current available from the alternator. 
During the first six cycles following the event, the generator is limited by 
sub-transient reactance (𝑥d

′′ ≥  0.12 per − unit  for a 50 Hz system) and 
excitation generated from the voltage regulator [46, 47].  

The GFM control concepts describe the behavioral response, which needs 
to be overlayered with hardware constraints to create a meaningful and 
pragmatic reaction. The GFM converters modelled as voltage sources result 
in their output currents being dependent on external system conditions. In 
case of a large disturbance, such as voltage drops or phase jumps at the PCC 
[16], a SM usually injects fault currents or overcurrent, generally in the 
range of 3–7 per-unit (pu) [46, 48, 49]. In contrast, present-day 
semiconductor-based converter-interfaced sources are typically limited by 
their trip levels at approximately 1.2–2 pu overcurrent at its nominal rating 
due to economic considerations. [48, 50–53]. Hence, unlike SMs, which can 
tolerate overcurrent for a particular duration, the converter has a rigid 
current limit to avoid overcurrent damage and thus prevent maintaining 
the voltage profile in regular operation [50]. To successfully ride through 
the disturbances, appropriate current limiting methodologies are required 
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to be implemented in the GFM schemes, satisfying the following 
requirements [50, 54–57]: 

• Current magnitude limitation: The phase current magnitude of the 
GFM converter should be below the maximum allowable limit to 
protect the power semiconductor devices and avoid disconnection. 

• Fault current contribution: The GFM converter is required to 
supply active and reactive currents to support the network during 
disturbances. 

• Fault recovery capability: The GFM converter should be capable of 
restoring to normal operation once the fault is cleared. 

Figure 2.7 shows a basic circuit model of a grid-tied GFM converter with 

internal voltage 𝑣e = 𝐸e
j𝜃, instantaneous measured PCC voltages (𝑣PCC), an 

inductive coupling reactance 𝑋C and an inductive transformer reactance 𝑋T 
(disregarding resistive part). Using Kirchhoff’s law, the phase current 
magnitude (𝐼) is calculated as displayed in (2.4) in pu and 𝑖 denotes 

independent phase output current [50] . 

𝐼 = |𝑖 | =  
|𝑣e − 𝑣PCC|

|𝑋C  𝑋T|
 (2.4) 

Due to a disturbance event, the current 𝐼 may exceed its allowed threshold 
of the GFM converter. The literature reports various current limiting 
control methods for GFM converters to meet the above requirements under 
large disturbances. The broad classifications are namely current limiter, 
virtual impedance, and voltage limiter. A brief discussion is as follows: 

Current limiter: The current limiter method aims to switch the control 
structure to a GFL structure during the fault, resulting in a current source 
behavior of the converter during overcurrent conditions. Thereby, the 
procedure facilitates the regulation of the output current vector angle to 

 

Figure 2.7: Simplified circuit of GFM converter under fault (based on [50]). 
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meet the fault current contribution requirement. GFM control restricts the 
phase current magnitude within the maximum allowed value through the 
closed-loop current control [58–60]. 

Three variants of current limiters are commonly utilized for GFM 
converters: the instantaneous limiter, the magnitude limiter, and the 
priority-based limiter. All these three current limiters achieve satisfactory 
current magnitude (𝐼) limitations under severe disturbances, however, 
resulting in temporary transient overcurrent caused by the current control 
loop dynamics. In addition to the current magnitude limitation, these 
limiter strategies generally have difficulties meeting the fault current 
contribution objective required by grid codes. Thus, the GFM converter 
control switches the control structure to the GFL mode during the fault [54, 
61, 62]. This solution requires a backup PLL for the synchronization, 
resulting in small-signal or transient instability issues under weak grid 
conditions [41, 55, 63]. The converter’s robust GFM properties are lost due 
to the switching to a GFL structure during faults making it less attractive. 
An alternative solution has been discussed in [55, 64, 65] that bypasses 
switching of the synchronization methods to adjust the active and reactive 
power references based on grid codes, which are further tracked by power 
control loops to achieve fault current contribution goal [66]. This scheme 
may fail to recover due to windup of voltage controllers [50, 55, 67]. 

Virtual impedance: Virtual impedance has been suggested for numerous 
applications, such as damping, mitigating the impact of unequal or resistive 
line impedances, and current limitations. Compared to the previous 
limitation method, this technique maintains the voltage source behavior of 
the GFM converter to some extent during severe faults. Virtual impedance 
is used to increase the inverter’s output impedance during transients and 
thereby limit the current. Considering Figure 2.7, a virtual impedance (𝑅v 
and 𝑋v) is added to the voltage reference generated by outer-loop control, 
when the phase current magnitude (𝐼) exceeds a given threshold. The GFM 
control adjusts the phase current magnitude by increasing the total 
impedance (|𝑋C  𝑋T|), including coupling with filter impedance and 
transformer impedance, based on virtual impedance or admittance 
methods [68–71]. The virtual impedance method requires a derivative 
controller to achieve a virtual inductor. In contrast, the virtual admittance 
technique represents a more practical approach for modifying the output 
impedance without performing the derivative of measured currents [71].  

The virtual impedance method directly modifies the voltage reference, 
while the virtual admittance method with a fast-tracking current control 
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loop achieves good current limitation performance in case of severe faults. 
The method includes a high dependence on control parameter selection. 
Thus, a proper design of the 𝑋/𝑅 ratio is thus needed to meet the fault 
current contribution requirement. It has been demonstrated that the 
converter unit’s power control and sharing performance are highly 
improved with the appropriate design and implementation of the virtual 
impedance control. However, this method may introduce current 
distortions and adversely affect the system’s stability and dynamics if 
poorly designed or implemented [50, 55, 69, 70, 72]. The virtual impedance 
structure on the current limitation largely relies on the fault location and 
the selected virtual impedance, which may limit its usefulness in practice 
as the maximum converter current is desired to be utilized during any fault 
condition. Hence, the virtual impedance concept may cause problems in 
parallel operation [55, 73]. 

Voltage limiter: Similar to the virtual impedance methods, voltage 
limiters can maintain the voltage source behavior of the GFM converter to 
a certain degree under severe disturbances, allowing for automatic fault 
recovery. GFM control regulates the phase current magnitude (𝐼) by 
reducing the voltage difference between the internal voltage reference and 
its terminal via voltage limiters [62, 74, 75]. It aims to reduce the voltage 
difference below the threshold defined by the product of equivalent output 
impedance (𝑋C) and maximum allowed current magnitude. As a result, the 
voltage reference generated by the outer-loop control is modified to realize 
the current magnitude limitation. This method is advocated in the UK grid 
code [16], since it does not mandate an adaptive virtual impedance which 
may destabilize the system under certain network conditions. Considering 
Figure 2.7, the implementation of the voltage limiter is usually achieved by 
regulating voltage magnitude (𝐸) and phase angle (𝜃) generated by the 
outer-loop control. This type of voltage limiter, similar to the previous 
methods, is implemented without the converter output current’s 
magnitude and angle information. However, additional information on 
phase angle 𝜃t and magnitude 𝑉t, which are a part of the three-phase 
terminal voltage 𝑣t, is required as implemented in [74, 75]. Another variant 
of the voltage limiter is directly designed in the abc-frame, limiting each 
phase current based on the calculated voltage limits as in [76] and [77]. In 
[67], a voltage limiter method is proposed and a procedure for selecting the 
limitation value corresponding to the current limit value under different 
grid states and grid code requirements.  

A detailed comparison of the three concepts has been documented in [50] 
and the key findings of each scheme is displayed in Table 2.2. 
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2.3 System needs and grid code requirements for Grid-
Forming converters 

In a system where most or all resources are converter based, there is an 
opportunity to rethink the grid services designed to support system 
stability and reliability. Predominantly, IBRs include switched passive 
circuit intrinsic behavior, and their overall performance is dictated by the 
control systems. Hence, there is a degree of freedom in the design of the 
IBR’s control systems, considering hardware limitations. GFM converter 
technology is gaining momentum and speedy deployment because of its 
superior performance during system disturbances. The key attributes, 
benefits, and risks of this new converter technology need to be determined 
to achieve precise implementation and integration to provide reliability to 
the bulk power system [7, 21, 78–80]. 

 

Table 2.2: Comparison of performance of different current limiting control methods 
under symmetrical disturbances (adapted from [50]). 

 
Current limitation 
performance 

Fault current 
controllability 

Fault recovery 
capability 

Current 
limiter 

• Effective under 
steady-state 

• Temporary 
overcurrent in 
transients exists 

• Switch to PLL-based 
GFL and adjust 
current references 

• Adjust power 
references 

• May fail to 
recover due to 
the windup of 
voltage 
controllers 

Virtual 
impedance 

• Compromise 
between current 
limitation and 
stability 

• Temporary 
overcurrent in 
transients exists 

• Dependent on 
virtual impedance 
and electrical 
network parameters 

• Adjust power 
references 

• Restoration 
under normal 
operation 
automatically 
achieved 

Voltage 
limiter 

• Effective under 
steady-state 

• Temporary 
overcurrent in 
transient exists 

• Depend on the 
voltage limiter and 
electrical network 
parameters 

• Restoration 
under normal 
operation 
automatically 
achieved 
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System operators, planners, equipment owners, and manufacturers face a 
chicken-and-egg analogy for deploying this new advanced IBR control. 
Defining the chronological order of the requirement for a capability or the 
capability itself for GFM necessitates assistance in making an informed 
decision. Figure 2.8 provides a pictorial illustration of the analogy. 

The ‘High Share of Inverter-Based Generation Task Force 2022’ in their 
report addresses this issue [7]. It discusses the transition’s main challenges, 
argues for the need of new definitions of system demands and services, 
provides concise explanations about the main characteristics of GFM 
converters and discusses ways to utilize the unique services offered by 
them. It further emphasizes ‘breaking the cycle, starting from a system 
needs perspective’, implying that the definition of the GFM capability and 
its requirements are based on the perspective of the evolving system 
obligations. Thus, fortifying the preceding sentences. 

The system needs may be categorized under three main requirements as 
follows [1, 7, 80]: 

 

Figure 2.8: The circular problem of requirements and deployment of advanced IBR 
controls (adapted from [7]). 
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1. Stability and Power Quality include four key aspects: 

• Synchronization and angle stability: All generation sources 
need to be synchronized and maintain synchronism during 
faults. 

• Frequency regulation: System frequency should be maintained 
close to the nominal value and must be limited and corrected 
following an event. 

• Voltage regulation: Voltage magnitude must be held close to 
nominal, and recovery from adverse events need to be mitigated 
to maintain desired voltage quality. 

• Damping: Oscillatory modes need to be positively damped and 
settled. 

2. Continuity of Service and Safety describes the following: 

• Protection: Faulty network equipment and resources must be 
detected and selectively isolated safely and promptly. 

• Restoration: System service must be restored after a partial or 
system-wide loss of service. 

3. Resource Adequacy comprises of: 

• Capacity: Sufficient capacity needs to be installed and made 
available to serve immediate demands and ensure the security 
of supply. 

• Energy: Adequate energy must always be available to serve 
demands continuously.  

Based on the points mentioned above, some system operators have begun 
defining specific requirements of GFM in their network codes, mapping the 
presented key aspects. Great Britain and Australia are the forerunners in 
modifying grid codes to add requirements for GFM IBRs and HVDC 
systems, ensuring numerous options for increasing system strength for 
stable and reliable operation with high penetration of IBRs [31]. In 
comparison, discussions in Germany focus on the fast reaction of IBR 
aiding in system frequency regulation and inclusion of renewable energy 
sources (RES) in the grid restoration process after a black-out or system 
split scenario [7, 21]. The GFM-based IBR expected functions, capabilities, 
impacts, and specification requirements for grid code to the future high 
IBR penetration grid based on regional activities are summarized next.  
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2.3.1 Great Britain  

 reat Britain’s transmission system operator, National  rid  lectricity 
System Operator (NGESO), has been very proactive in defining the GFM 
requirements and capabilities for its integration into the power system. 
NGESO has listed the expected non-mandatory performance requirements 
for GFM capability and launched a series of competitive tenders to procure 
new system services needed with the changing generation mix in the power 
system. As a first step toward developing technical requirements for GFM 
technology, NGESO published a proposed grid code change GC0137 to the 
NGESO Grid Code. GC0137 identified several critical features of GFM 
capability that form the basis for a GFM IBR providing the same 
performance as that traditionally provided by synchronous machines in 
terms of supporting the grid during disturbances. It also addresses this 
upcoming technology’s simulation compliance, models, and testing 
requirements. Some of the essential requirements of GFM IBRs as of 
August 2021 are listed below [16] : 

• Limit the RoCoF after sudden loss of generation or load 

• Inject instantaneous active power at the time of a fault as a result of 
corresponding phase change 

• Inject instantaneous fault current at the time of a fault as a result of 
corresponding voltage change 

• Contribute to the damping of power oscillations 

• Limit Vector Shift 

• Contribute to synchronizing torque 

• Contribute to maintaining an improved voltage profile during 
disturbed conditions (a fundamental prerequisite for fault ride-
through for all resources) 

The intent was to keep the grid code requirements at a higher level while 
continually updating the best practice guide as more operational 
experience is gained with GFM technology onset. Key definitions of ‘ rid-
 orming  apability’, ‘RoCo  Response Power’, ‘Phase Jump  ctive Power’, 
‘Damping  ctive Power’, ‘ ontrol Based’, and ‘ ontrol Based Real Droop 
Power’ are available in [16], while ‘Vector Shift’ (VS) is referenced in [81]. 
Additionally, prior to the commissioning of the GFM facility, a dynamic 
RMS and an EMT model providing a true and accurate reflection of the 
facility’s grid gorming capability needs to be submitted to NGESO, as a part 
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of the grid code requirement. A recently coined terminology called phasor-
domain transient (PDT as per [14]) is the recommend synonym for RMS 
domain. Greater details regarding models and tool domain requirements 
are covered in sub-section 2.5 [14, 16, 30, 82–84].  

2.3.2 ENTSO-E and German activities 

To define GFM capabilities for IBRs, a joint effort among the various 
European stakeholders resulted in the technical report by European 
Network of Transmission System Operators or ENTSO-E titled ‘High 
Penetration of Power Electronic Interfaced Power Sources and the 
Potential Contribution of Grid-Forming Converters’ (ENTSO-E, 2020). The 
report elaborates on the potential contribution of GFM converters to 
enable a secure power system operation with IBR-dominated generation. 
The report highlights the following seven system obligations with a high 
proliferation of IBRs:  

• Creating or forming the system voltage 

• System fault level (short-circuit power) 

• Contributing to system inertia (limited by energy storage capacity 
and available power rating of the IBRs) 

• System survival to enable the effective operation of low-frequency 
demand disconnection for rare system splits 

• Sink for harmonics and inter-harmonics in system voltage 

• Sink for unbalance in system voltage 

• Preventing adverse control system interactions 

The technical report by ENTSO-E suggestions at the advanced capabilities 
of IBRs, ensuring stable response under normal, disturbed, and emergency 
states with 100 % Converter Operated Power System (COPS). It also 
outlines several issues concerning this new technology and its 
implementation with follow-up work [7, 21, 85–87]. 

The German VDE|FNN guideline  ‘ rid forming behaviour of   D  
systems and DC-connected PP s’ [88], the supplement to standard VDE-
AR-N-413, presents technical details for dynamic frequency-active power 
performance and voltage control of GFM-based IBRs. It is a national-level 
implementation of the European network code [89]. It outlines verification 
test criteria adapted specifically for GFM voltage source converter with 
modular multilevel converter (VSC-MMC) HVDC technology. The 
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guideline defines system-level requirements, emphasizing on system split 
scenarios, maximum permissible RoCoF, minimum inertia conditions, and 
fault scenarios, ensuring controller robustness and stability. Lastly, the 
guideline outlines verification and test scenarios to validate the overall 
performance of GFM IBRs. Both European and German grid codes resonate 
similar requirements at this stage [7, 21, 88, 90]. 

Additionally a British-German joint work of the two research projects 
namely ‘Battery-VSM’ and ‘VerbundnetzStabil’, recently concluded and the 
recommended GFM findings, similar to VDE|FNN guidelines and are 
accessible at [91]. An important outcome was the four recommended 
criteria as requirements of GFM-based IBR listed below [82, 90, 92–96]: 

1. Voltage Source Properties: Demonstrate stable operation in grid-
tie mode, load sharing with other sources. 

2. Power Quality: Passive, damped response of voltage harmonics 
and asymmetries. 

3. Inertial Response: An instantaneous short-term transfer of active 
power during the dynamic frequency changes in the system with 
damping influences. 

4. Overload and Grid Faults: Contribute to system demands in case 
of overload and grid fault where the converter's physical current 
and power limits exceed. 

2.3.3 Australia 

Australia is one of the leading countries in deploying or proposing the 
connection of several GFM battery energy storage systems in various parts 
of the Australian National Electricity Market (NEM). These range from 
30 MW to 600 MW. With the growing number of grid-scale batteries 
committed or proposed in Australia, it forms an excellent opportunity to 
deploy GFM capabilities in the upcoming grid expansion and transition 
with little or no synchronous generation [97, 98]. In the process, GFM 
capabilities are demonstrated and tested. A close working approach with 
stakeholders is adopted. Thus, with its regulatory bodies, the Australian 
Energy Market Operator (AEMO) has a broader classification of 
requirements, including IBR connection in weak grids with stable 
operation, providing system security, island operation, and black start. 

Additionally, due to the very high penetration of IBR in weak grid scenarios, 
AEMO has been using wide-area EMT simulation models for several years. 
New generation connection applications, which are almost exclusively 
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GFM-based IBRs, AEMO plans to employ wide-area EMT models to the 
same extent as phasor domain models (RMS) and form a part of the grid 
code requirement [7, 14, 15, 99, 100].  

2.3.4 Hawaii 

The Hawaiian Electric Company (HECO) plans by 2023 with new project 
goals, a very high share of distributed energy resources, and a significant 
reduction of the operation of synchronous machines. To prepare for the 
future, HECO requested GFM functionality from all of the proposed 
projects that included battery storage system. High-level performance 
requirements were proposed stating that the GFM IBRs shall be capable of 
operating and supporting system operation under normal and emergency 
conditions without depending on synchronous machines. Hence, it implies 
voltage source operation during normal and transient conditions within 
the physical limits of the converter and the ability to synchronize with 
other sources or operate autonomously if a grid reference is unavailable 
[101]. In addition to these high-level requirements, a detailed set of tests 
was provided, which were to be applied to the prospective source models 
and ensure the desired GFM performance. HECO had performed full 
planning studies in RMS and EMT for their entire island-wide networks, 
anticipating 100 % renewable penetration scenarios by 2023. The studies 
presented concrete recommendations on operation and controls to 
improve grid reliability and evaluated GFM control technology in battery 
applications as a measure to mitigate weak grid issues. These high-level 
GFM requirements, supplemented with early studies, indicated an 
appropriate starting point for other system operators and policymakers to 
assist in specifying GFM capability under their jurisdictions where none 
currently exists. Thus, ensuring stability to the future grid at high levels of 
IBRs [7, 13, 14].  

2.3.5 North American Electric Reliability Corporation 

The North American Electric Reliability Corporation (NERC) is an 
international regulatory authority established to evaluate the reliability of 
the bulk power system in North America. With the recent Texas crisis 
(February,2021) [102] and the continued growth and penetration of IBR 
across North America, NERC has issued a new report highlighting the key 
attributes, benefits, and risks of various converter controls to support the 
implementation of the GFM technology. At present, there is no standard 
universally agreed definition of the industry’s recently coined 
terminologies of GFM or GFL. The recently published white paper from 
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NERC recommends the following definition for GFM Control for bulk 
power system: 

‘Connected Inverter-Based Resources are controls with the primary objective 
of maintaining an internal voltage phasor that is constant or nearly constant 
in the sub-transient to transient time frame. This allows the IBR to 
immediately respond to changes in the external system and maintain IBR 
control stability during challenging network conditions. The voltage phasor 
must be controlled to maintain synchronism with other devices in the grid 
and must also regulate active and reactive power appropriately to support 
the grid’ [31].  

Thus, the GFM converter is expected to immediately respond to 
disturbances in external power system and maintain control stability. The 
regulation of active and reactive power to support the grid is deemed a 
secondary task, implying prioritizing response to a disturbance event over 
setpoint changes. 

This white paper compares known GFM and GFL IBR capabilities, 
performance characteristics, and advantages. Also, it provides suggestions 
for entities across North America to consider investigating and analyzing 
GFM technology to support bulk power system (BPS) reliability and 
resilience with increasing IBR penetration levels. According to NERC, GFM 
control is recommended to provide robust dynamic support to the grid and 
support but not limited to the following features [31]: 

• Operation in low system strength condition 

• Grid frequency and voltage stabilization 

• Small-signal stability damping to maintain power system stability 

• Re-synchronization capability to restore and reconnect to the grid 

• Fault ride-through for large grid disturbance events with adequate 
fault current contribution as required by protection systems (within 
hardware limits) 

• System restoration and black-start capability 

 tilities are advised to carefully review N R ’s advice regarding converter-
based technology and its recommendations. Working groups and 
committees are set up to provide guidelines to enhance understanding, 
integrate GFM technology and perform better interconnection studies. A 
key concern in analyzing this technology requires accurate resource 
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modelling; thus, tooling or simulation domain has significance. Two critical 
working groups (WGs) reports, namely: 

• Reliability Guideline: Recommended Approach to Interconnection 
Studies for BPS Connected Inverter-Based Resources (Q4, 2022) 

• Reliability Guideline: Electromagnetic Transient Modeling and 
Simulations (Q1, 2023), 

try to shed light on improving the study process for bulk power system 
connected IBRs, and considering EMT modelling and simulations with 
increasing penetrations and growing system complexity of performing 
sufficient studies to ensure bulk power system reliability [103]. 

Although the phasor domain has been prevalent in conducting stability and 
planning studies, concerns regarding the fundamental limitations (covered 
in greater detail in Section 2.5) in their ability and accuracy compared to 
EMT domain model have been discussed, and is recommended by various 
WGs. The topic of user-defined models over generic ones is also a scope of 
ongoing NERC and international activities [2, 7, 21, 22, 31, 104–107].  

Of all the requirements mentioned under system needs, stability is of 
utmost importance from the system needs hierarchy. The factors listed are 
related and sub-aspects of voltage and frequency stability (magnitude and 
phase). GFM-based IBRs are controlled voltage sources; therefore, the 
overall performance depends on the built-in control system strategy [78–
80]. To fulfill system needs stability is required to be ascertained via 
analysis considering accurate and realistic models. 

2.4 Methods of stability analysis 

The power system is a large, hybrid (discrete-continuous) and dynamical 
system, which includes several kinds of nonlinear elements. Its stability 
analysis can be performed as of any dynamic system. Attaining stability is 
the fundamental objective from system requirement perspective with high 
IBR share (Section 2.3). Analysis of GFM controls in a realistic power system 
environment needs to be performed and comprehended. The transient 
stability is a typical example that originated in the power of swing equation, 
a sine function of rotor angle [108, 109]. Additionally, all converter controls 
are highly nonlinear which interact with the power system. 

Various methods exist for investigating the stability of dynamic systems 
driven by different objectives and techniques. Prevalent linear, nonlinear, 
and mathematical methodologies have been adopted for stability 
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assessment in this work for performing stability analysis of GFM 
converters. Nonlinear methods consider the power system’s full dynamics, 
including the effects of nonlinear elements and complex interactions 
between system components, and provide a more accurate representation 
of power system behavior than linear methods. However, linear approaches 
for stability analysis are preferred in both power systems and the PE 
community due to simplified analysis and well-defined stability criteria.  

Further, mathematical or simulative models represent a system’s behavior 
over time in system dynamics, and a set of differential or difference 
equations can describe these models. The stability analysis of the power 
system may also be performed by evaluating the solution to the differential 
equations that describe the system’s behavior [108–110]. However, first, the 
general definition of a dynamic system’s stability needs to be discussed, 
followed by an understanding of power system stability and, finally the 
analysis procedure to evaluate power system stability. 

2.4.1 Concept and definition of stability 

The solutions of differential or difference equations may describe the 
stability of a dynamical system, and the most prevalent stability solutions 
exist near the equilibrium point [111]. This mathematical concept of stability 
of a dynamic system is often associated with Lyapunov’s stability, who laid 
the foundation of this theory and is conceptually explained as follows. 
Lyapunov’s stability: It states that the stability of a system signifies that 
the system trajectory is kept arbitrarily close to the origin by starting 
sufficiently close to it. Thus, the origin is defined as stable or in equilibrium 
if the solution is maintained within an arbitrarily defined stability radius; 
as such, it develops within the radius and remains close to the origin 
thereafter (𝑡 →  ∞ ) [112]. 

In many engineering applications, Lyapunov stability is not applicable; 
hence few extended requirements catering to it are explained below. 

Asymptotic stability: Asymptotic stability implies that the solutions 
developed are close enough and not only remain close but eventually 
converge to equilibrium. The region of stability is called domain of 
attraction of the equilibrium point [112]. 

An equilibrium point that is Lyapunov stable but not asymptotically stable 
is called marginally stable [112]. Figure 2.9 provides a pictorial view of the 
stability concepts introduced above.  
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Additionally, from an engineering applications perspective, it may not be 
sufficient to know that a system will converge to the equilibrium point after 
infinite time. There is a need to estimate how fast the system trajectory 
approaches origin or equilibrium. The concept of exponential stability also 
known as globally asymptotically stability is hence explained [112].  

Exponential stability: An equilibrium point is exponentially stable if the 
state vector converges to the origin faster than an exponential function. 
The rate at which it converges is called the rate of exponential convergence. 
The definition of exponential convergence provides an explicit bound on 
the state at any time. Please note that exponential stability implies 
asymptotic stability. But asymptotic stability does not guarantee 
exponential stability [112]. 

The above definitions to characterize the local behavior of systems and 
local properties inform little on the system characteristic when the initial 
state is away from the equilibrium, as in case of nonlinear system. 
Therefore, global concepts are required.  

Globally asymptotically stable: If the solution of an exponentially stable 
system converges to the origin faster than an exponential function and if 
asymptotic (or exponential) stability holds for any initial states, the 
equilibrium point is said to be asymptotically stable in the large. It is also 
called globally asymptotically (or exponential) stable [112].  

Linear time-invariant systems are either asymptotically stable, marginally 
stable, or unstable. Furthermore, linear asymptotic stability is always global 
and exponential, while linear instability always implies exponential blow-

 

Figure 2.9:  llustration of the interpretation of Lyapunov ’s stability (based on [111, 112]).  
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up. These refined notions of stability are introduced in this sub-section for 
a better interpretation of power system and control stability [112].  

One of the basic requirements of designing both linear and nonlinear 
control systems is stability. The stability analysis of a nonlinear system is 
complicated and Lyapunov functions are commonly involved. When 
evaluated along the dynamical system’s motions, the Lyapunov functions 
decrease monotonically with increasing time and tend to zero as 𝑡 →  ∞ as 
defined above. Such functions are called monotonic Lyapunov functions 
and serves as a criterion for global asymptotic stability in discrete-time 
system [113–116]. 

Global asymptotic stability or global stability is an essential concept in the 
design and analysis of control and power systems, as it measures the 
system’s ability to remain stable and perform its intended function over a 
wide range of operating conditions. A globally stable control implies stable 
control operation under all operating conditions, independent of the 
variation of network parameters. Achieving global stability in control and 
power systems is paramount for ensuring the safe and reliable operation of 
the system. Definitions and detailed explanations of the presented stability 
concepts are available in [112]. 

2.4.2 Power system stability  

The formal definition of power system stability from [79] is provided below, 
aligned with the massive system transformation due to integration of IBRs. 

‘Power system stability is the ability of an electric power system, for a given 
initial operating condition, to regain a state of operating equilibrium after 
being subjected to a physical disturbance, with most system variables 
bounded so that practically the entire system remains intact’ [79].  

The definition above deems a system stable subsequent to a perturbation, 
attains a new state of operational equilibrium, or reverts to its original 
operating condition. It discusses the system behavior under a disturbance 
without discriminating between a synchronous machine or an IBR. This 
formulation is consistent with the previously expounded definition of 
asymptotic stability as per Lyapunov.  

However, the power system stability analysis is highly complex as a typical 
modern system comprises various devices with distinctive dynamic 
characteristics and time-constants, and maintaining stability is 
challenging. Endeavors have been undertaken to categorize stability into 
suitable categories based on their specific events. Historically, the power 
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system was machine-dominated, and its typical stability phenomenon was 
categorized into three classes. Due to the increased IBR proliferation in the 
power system, two new stability classes have been recently added by the 
‘IEEE Power System Dynamic Performance Committee’ in their 
technical report on stability [79]. An overview of the classification is 
displayed in Figure 2.10. The revised classification is discussed with a 
greater emphasis on the challenges related to frequency, voltage, angular 
stability, and converter-driven stability since novel and existing stability 
phenomena are manifesting with high-IBR shares [79, 117]. 

Rotor Angle stability or Angle stability: Rotor angle stability represents 
the ability of SMs in an interconnected power system to maintain 
synchronism during regular operation and regains synchronism after a 
small or large disturbance [1]. This can be further categorized into small-
disturbance rotor angle stability and transient or large-disturbance rotor 
angle stability.  

Small-disturbance rotor angle stability, or small-signal, refers to the ability 
of the system to maintain synchronism in response to small disturbances, 
such as fluctuations in load and generation. In contrast, transient or large-
disturbance rotor angle stability is the system’s ability to recover 
synchronism after experiencing significant disturbances, such as major 
faults or sudden changes in system conditions [47, 79, 117]. 

The phenomenon of angular stability undergoes modifications with the 
increase in IBR penetration, especially with 100 % COPS. The large-signal 
rotor angle stability has conventionally been considered the measure of 
S s’ ability to maintain synchronism during grid faults. This concept stems 
from the rotor and stator magnetic fields’ angular displacement and the 
corresponding accelerating or decelerating torque. During grid faults, the 
mismatch between mechanical power input and reduced electrical power 
output generates accelerating energy in SM, which governs the fault-

 

Figure 2.10: Classification of power system stability (adapted from [79]).  
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clearing dynamics. A duality exists between voltage stability limits, 
represented by power–voltage curves, and angle limits, as described in [1]. 
The IBR GFM control determines the phase angle based on active current 
injection and voltage control, which may be adjusted to maximize the fault 
power contribution, subject to converter limits. In the context of IBR, 
voltage and angle stability becomes predominantly dependent on IBR 
control and post-disturbance grid characteristics. The IBR controls 
generally exhibit greater stability with a lower angular swing. However, 
during periods of high grid stress, such as high-power transfers and large 
network impedance during contingencies, the network angle swing must 
be carefully managed (minimize phase jump) to prevent system dynamic 
instability. Further, in IBR-dominated systems, damping small-signal 
oscillations is another aspect of angular stability that requires attention. [1, 
80]  

Voltage Stability: It refers to the ability of a power system to maintain 
steady voltages at all network buses after being subjected to a disturbance 
from a given initial operating point. Based on the time frame of interest 
voltage stability is categorized as short term and long term [79]. 

With the increasing adoption of IBRs and the subsequent reduction of 
system strength, maintaining voltage and angular stability across the grid 
has become a new concern. This is due to the varying number of online 
voltage regulators with high gains, differences in IBR responses, and 
potential interactions between IBRs and other dynamic devices. For 
example, supposing the system strength at a point of interconnection is 
low. In such a scenario, the critical voltage at the nose of the power-voltage 
curve may fall within the normal operating voltage range, thereby masking 
a voltage condition that exceeds the reliable operating point and leading to 
a collapse. Contingencies such as line trips can lead to more stressed system 
conditions. Under fault conditions, IBRs’ fault ride-through mode can 
result in the rapid increase of reactive power and the reduction of active 
power to assist voltage recovery. However, during no-fault contingency 
conditions, improper IBR response, such as too-aggressive active power 
recovery, could cause a cascading high- or low-voltage collapse in bulk 
power system where IBRs are concentrated in remote pockets far from load 
centers [1, 47, 79, 117].  

Frequency Stability: It is the ability of a power system to maintain a steady 
frequency following a severe system perturbation causing a significant 
imbalance between generation and load [79]. 
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In a bulk power system with SM, the initial RoCoF is arrested by the inertial 
response after a contingency. The governor performs primary control and 
stabilizes the system, restoring the frequency to its nominal value. 
However, with the displacement of SMs by GFL IBRs resources, their 
inertial response may also be displaced, resulting in a higher RoCoF after 
an event, leading to the exceedance of frequency limits and triggering 
protection devices, further worsening the situation. The state-of-the-art 
IBRs can provide superior frequency control with a faster response speed 
compared to SMs. However, overly aggressive controls may lead to 
frequency oscillations and other types of instability in low-inertia systems 
due to adverse system interactions. Therefore, requiring system operators 
to review and revise frequency response continuously needs in terms of 
performance and reserve amounts, especially with changing bulk power 
system characteristics. Additionally, the largest generation or load 
contingency size is essential for frequency stability since it is about the 
power balance and the stability limit of the interconnecting lines. New 
common modes of failure may be introduced with high shares of IBRs, 
affecting several IBRs simultaneously, leading to voltage-induced 
frequency dips in geographically compact systems, such as Ireland. Such 
events need to be understood and studied to determine appropriate 
mitigation measures. While in large interconnected systems, a 
synchronous area split is of grave concern as it may be challenging to 
maintain frequency stability in independent subsystems [1, 23, 79, 117].  

Resonance Stability: The term resonance stability encompasses the 
phenomenon of sub-synchronous resonance (SSR), which may manifest in 
two distinct forms as resonance between series compensation and the 
mechanical torsional frequencies of the turbine-generator shaft, and a 
resonance between series compensation and the electrical characteristics 
of the generator. The former condition involves a resonance between the 
electrical network with series compensation and the mechanical modes of 
torsional oscillations on the turbine-generator shaft. In contrast, the latter 
is purely an electrical resonance referred to as the Induction Generator 
Effect. Resonance stability mainly includes torsional interactions of 
mechanical components of the conventional turbine generator with either 
series compensated lines or power systems. Sub-synchronous oscillations 
may also arise due to the interaction of fast-acting control devices, such as 
HVDC, Static Var Compensators (SVCs), static synchronous compensators 
(STATCOM), and power system stabilizers (PSS) with the torsional 
mechanical modes of nearby turbine-generators. They are treated as 
resonance stability [79, 117]. 
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However, the PE converters with fast control loops designed with different 
bandwidths interact with the grid impedance. The resultant frequency-
coupling dynamics may lead to harmonic instability phenomena from the 
sub-synchronous frequencies to multiple kilohertz and are treated as 
converter-driven stability (discussed below) [118].  

Converter-Driven Stability: The behavior of IBRs differs from 
conventional SMs due to the predominant use of voltage source converter 
(VSC) technology for grid interface. IBRs rely on fast response control 
loops, PLL algorithms and inner-current control loops, which operate on a 
wide range of timescales. This can result in cross-coupling with the 
electromechanical dynamics of machines and electromagnetic transients of 
the network, causing unstable power system oscillations over a broad 
frequency range. Classification is based on slow and fast interactions to 
differentiate the frequencies of observed phenomena. Slow-Interaction 
Converter-Driven Stability typically shows low frequencies of less than 
10 Hz, while Fast-Interaction Converter-Driven Stability displays relatively 
high frequencies ranging from tens to hundreds of Hz, possibly even up to 
several kHz. 

Fast-Interaction Converter-Driven Stability relates to the instabilities that 
affect power systems and is driven by fast dynamic interactions between 
the control systems of PE-based systems and fast-response components of 
the power system such as the transmission network, SM, or other PE-based 
devices. This instability can arise in various ways, such as high-frequency 
oscillations caused by interactions between the fast inner-current loops of 
IBR and passive system components, known as harmonic instability. These 
instabilities have high frequency ranges and can cause system-wide 
stability problems. Whereas Slow-Interaction Converter-Driven Stability 
refers to the instability affecting the power system caused by slow dynamic 
interactions between the control systems of PE-based devices and the 
electromechanical dynamics of SM and machine controllers. This 
instability may cause system-wide disturbances comparable to voltage 
instability, as both can result from maximum power transfer between the 
converter and a weak system. However, voltage instability is typically 
caused by loads, whereas converter-driven instability is associated with the 
control systems of PE converters [79, 117]. 

The proliferation of IBRs has led to increasingly complex and hierarchical 
control layers. These controls are responsible for managing a range of 
attributes, including active and reactive current and power, voltage, phase 
angle, mechanical torque and speed, and others. However, coordinating 
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and interoperating these control layers to maintain stability is becoming 
more challenging, particularly in low-system-strength conditions. In such 
situations, the controls of GFL converters that rely on continuous voltage 
measurements may become unstable due to inaccurate voltage 
measurements resulting from current injection. This instability can be 
addressed by gradually varying the voltage using slower controls such as 
GFM. GFM has the ability to tackle instability and weak grids associated 
interactions, as discussed in Section 2.1.2. Control interactions between 
IBRs and other converter-based devices may also lead to reactive power 
deficiencies, oscillations, and instabilities, if not coordinated via a 
communications scheme or voltage droop function. As the penetration of 
IBR increase and the system load characteristics change, new aspects of 
instability may arise. Therefore, frequent and systematic analyses are 
needed to ensure the robust performance of all components across various 
system conditions [1, 79]. 

Further in-depth details on the classification are available in [47, 79, 117]. 

2.4.3 Stability assessment 

Several approaches to studying the stability of a power system are based on 
the transfer function, state-space modelling, and small-signal analysis 
based on the linearization around an operating point, eigenvalue analysis, 
nonlinear methods, and impedance-based methodologies exist [119]. 
Known mathematical methods which can be applied for stability analysis 
of power system have been compared in [25]. This work utilizes the linear 
differentiation equations explained as ‘Existence Theorem’, and small signal 
analysis performed via linearization approach with solutions created by 
numerical method for assessing stability solutions. The theory related to 
the implemented procedures is presented. 

2.4.3.1 Existence Theorem 

In the theory of linear differential equations, a global ‘Existence Theorem’ 
can be proved regarding the solution space. It is a mathematical concept 
related to system dynamics in analyzing its behavior. Mathematical models 
representing a power system’s dynamic behavior are constructed to 
perform analysis and interpret stability. These are a set of differential or 
difference equations and, thus, establishes the existence of solutions for a 
mathematical model of the power system. 

The ‘Existence Theorem’ for initial value problems of ordinary differential 
equations indicates that under given conditions in a linear or nonlinear 
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system, at least a unique solution is determined. It is often used in 
mathematics and control theory to prove the existence of solutions [120, 
121]. A detailed understanding of the theorem and it’s proof is available in 
[108, 121] for review. 

In power system analysis, this theorem is often used in stability analysis, 
involving studying the behavior of a power system following a small or large 
disturbance [122]. It determines whether a solution to the differential 
equations that describe the system’s behavior exists and is unique within a 
certain time interval after the disturbance. It serves as the prerequisite for 
the global stability of these mathematical or simulative models, providing 
the necessary conditions and establishing a solution trajectory that satisfies 
specific requirements, such as initial or boundary conditions. Additional 
stability analysis is required to establish global stability [121, 122]. 

2.4.3.2 Small signal analysis 

Small-signal stability allows the prediction of the behavior of the power 
system after small disturbances that may not result in significant changes 
in the system’s operating conditions.  he resultant system response 
equations can be linearized as the disturbance is small. Several methods for 
analyzing nonlinear systems have yet to be devised with a consensus on a 
standard approach. Frequency analysis is a fundamental concept in 
evaluating small-signal stability in dynamic systems. The frequency 
response is defined as the steady-state response of a system to a sinusoidal 
input signal, allowing for the computation of the system’s response in a 
range of frequencies. This technique is mainly used with closed-loop linear 
time-invariant systems to determine both absolute and relative stability 
metrics. Although it is typically applicable to linear control systems, 
frequency analysis can be extended to nonlinear control systems through 
the linearization of the control model [123].  

Linearization: The term linearization in control and power systems is 
commonly used to refer to an arbitrarily small change with respect to an 
operating point. The linearization method is well-known and one of the 
most widely used analytical method concerned with the local stability of a 
nonlinear system. It formalizes the assertion (linearization theorem) that a 
nonlinear system should behave similarly to its linearized approximation 
for small-range motions. Since all physical systems are inherently 
nonlinear, the linearization method serves as the fundamental justification 
for using linear control techniques in practice. It displays that a stable 
design by linear control guarantees the stability of the original physical 
system locally. The deduction about the local stability of a nonlinear system 
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is performed around an operating equilibrium point based on the stability 
properties of its linear approximation. A short description of this technique 
to determine the stability is described below. Equations below represents a 
nonlinear system: 

𝐱̇ = 𝐟(𝐱, 𝐮) (2.5) 

𝐲 = 𝐠(𝐱, 𝐮) (2.6) 

where, 𝐱 is the state vector, 𝐮 is the unit vector, 𝐲 the output vector and 𝐟 
and 𝐠 both are vectors of nonlinear functions. By adding a small 
perturbation indicated by ∆ to the state-space vector x and the input vector 
u the linearized system described below is obtained: 

𝐱 =  𝐱𝟎  ∆𝐱 𝐮 =  𝐮𝟎  ∆𝐮 (2.7) 

By applying  aylor’s series expansion around the operating point (𝐱𝟎; 𝐮𝟎), 
the nonlinear functions can be approximated by the following equations: 

𝑥̇𝑖 = 𝑥̇𝑖0  ∆𝑥̇𝑖 = 𝑓𝑖(𝐱𝟎, 𝐮𝟎)  
𝜕𝑓𝑖
𝜕𝑥𝑖

∆𝑥𝑖  ⋯ 
𝜕𝑓𝑖
𝜕𝑥𝑛

∆𝑥𝑛  
𝜕𝑓𝑖
𝜕𝑢𝑖

∆𝑢1

 ⋯ 
𝜕𝑓𝑖
𝜕𝑢𝑛

∆𝑢𝑟 

(2.8) 

𝑦𝑗 = 𝑦𝑗0  ∆𝑦𝑗 = 𝑔𝑗(𝐱𝟎, 𝐮𝟎)  
𝜕𝑔𝑖
𝜕𝑥𝑖

∆𝑥𝑖  ⋯ 
𝜕𝑔𝑖
𝜕𝑥𝑛

∆𝑥𝑛

 
𝜕𝑔𝑖
𝜕𝑢𝑖

∆𝑢1  ⋯ 
𝜕𝑔𝑖
𝜕𝑢𝑛

∆𝑢𝑟 

(2.9) 

with 𝑖 = 1,2,… , 𝑛 and 𝑗 = 1,2,… ,𝑚. The linearized system assumes the 
form given by:  

∆𝐱̇ = 𝐀∆𝐱  𝐁∆𝐮 (2.10) 

∆𝐲 = 𝐂∆𝐱  𝐃∆𝐮 (2.11) 

The above are partial derivative matrices evaluated at the equilibrium point 
about a small perturbation to be analyzed. 𝐀 represents the system matrix 
of size 𝑛 × 𝑛, 𝐁 is the system input matrix of size 𝑛 × 𝑟, 𝐂 is the system 
output matrix of size 𝑚 × 𝑛, and 𝐃 is the feedforward matrix of dimension 
𝑚 × 𝑟. The matrix 𝐀 is the so-called Jacobian matrix, and the association 
between the linearized system and the original nonlinear system is stated 
by the linearization theorem given in [47, 108, 112]. The stability of the 
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Jacobian matrix needs to be ascertained as either strictly stable, unstable, 
or marginally stable. The proof of the theorem is available in [124]. 

Evaluating the transfer function of the Jacobian matrix in frequency 
domain by replacing 𝑠 with j𝜔 (j is the imaginary unit and 𝜔 is the 
frequency of interest) assists in evaluating a system’s small-signal behavior. 
The magnitude and phase information gained from the transfer function at 
the frequency of interest helps to comprehend system stability [123, 125].  

Any real system is nonlinear, assuming a nonlinear system linear under 
small development ranges, strongly depending on the magnitude of the 
nonlinearities affecting the system. Small-signal stability represents a 
necessary condition, and the theorem is true by continuity, implying that 
the deductions from a linear system can be extrapolated to a nonlinear one. 
It is worth mentioning that the linearization theorem is recognized as the 
theoretical justification of linear control theory [112]. 

Numerical Simulation: Numerical simulation in MATLAB-Simulink® is 
applied in this work for illustrations to support the theoretical justifications 
obtained by the linearization method and evaluating the transfer functions. 
   L B’s ode23tb solver is used in this work as it represents the robust 
Runge-Kutta with trapezoidal method for numerical analysis. 

The appropriateness of numerical integration methods is highly dependent 
on the features of the simulated system and its purpose [126]. Solving a 
large nonlinear set of differential-algebraic equations assists in analyzing 
various timescale phenomena. The principal attributes of a numerical 
simulation approach consist of numerical stability, accuracy, and 
efficiency. The numerical simulation allows assessment of various network 
configurations and controllers (discrete, nonlinear, unbalanced) but 
requires additional effort for implementing disturbances and interpreting 
small-signal results, as observed in this work. 

2.5 Modelling aspects of converter technologies 

Defining and deploying new system services requires detailed engineering 
and planning studies, as mentioned in Section 2.3. Phasor-domain or RMS 
models satisfactorily represent the traditional study of slow dynamics of 
machine-based systems. However, this is not valid for converter-dominated 
systems since the smallest time constants are in the range of and below the 
electromagnetic propagation times in extended power systems (>  300 km) 
[127]. These small time-constants result in smaller simulation time steps. 
Additionally, stability studies conducted in RMS domain are phasor models 
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based on the assumption that power transfer occurs at constant or mono-
frequency. Studies determine the fidelity of IBR models and ensure 
reliability, stability, and risks under all relevant grid conditions. Therefore, 
RMS is insufficient for viable, dynamic analysis of converter-dominated 
power systems (> 75 %) [1, 6]. The application of EMT tools for a broader 
range of studies is becoming indispensable.  

Additionally, as hinted in Section 2.3, AEMO, NERC, NGESO, and various 
other grid operators have expressed the need to consider both EMT and 
phasor domain models (RMS) for interconnection-wide area stability 
studies [14]. The following paragraphs highlight factors that assert 
appreciable differences when considering IBR modelling in both EMT and 
RMS domains, thus enhancing modelling grasp. After all, simulation is a 
mathematical solution of a physical system and includes an inevitable 
numerical error. Modelers need to be better aware of the inadequacies of 
converter modelling in the phasor domain, as mentioned in [109]. The 
subsequent sections below describe the boundary of RMS analysis and its 
influence on converter-dominated power systems. Emphasis is placed on 
understanding the influence of the time constants instead of addressing the 
computational challenges [22, 107, 127]. The CIGRE Technical Report C4.56 
has recently substituted the word ‘RMS’ simulation domain models as PDT 
(phasor-domain transient) for better expression[14]. However, this work 
will use the terminology RMS due to familiarity. 

Converters are inherently discrete systems controlled by digital signal 
processing (DSP) units, with closed-loop feedback over the continuous 
power system. The numerical solution is a discrete simulation of a 
combination of continuous (power system) and discrete (converter DSP) 
systems [128]. The idealization inherent to RMS studies disregards the 
contributions of all power system electromagnetic transients. In a 
continuous system, this general proceeding is validated via the dominant 
eigenvalues of the corresponding system matrix related to the particular 
solution of the systems’ state-space representation. The machines, loads, 
and disturbances contribute to the system dynamics. However, this 
approach needs to be revised when power system transients are composed 
of a sequence of step responses, as is in converter modelling. The 
discrepancy stems from the sample and hold (S&H) element, which 
demonstrates two key features, firstly the sampling of signal and 
transitioning from the continuous to discrete and, secondly, it contributes 
to the dead-time created by the time required for code processing of the 
digital signal (DSP) [110, 128]. The slow converter control may be 
represented in the phasor domain. However, the fast dynamics and 
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controls at higher frequencies lead to appreciable differences between the 
respective phasor domain and EMT models considering closed-loop with 
passive network elements. Therefore, due to the small-time constants (≤  1 
cycle) and the constant frequency assumption in RMS studies no longer 
provides tenable results for converter-dominated power systems [127]. 
Figure 2.11 displays the converter harmonics phenomena’s time and 
frequency ranges [129]. This figure indicates that the dominant frequency 
of power system harmonic phenomena can range from a few hertz to 
several kilohertz, often associated with pulse width modulation (PWM) in 
converters. It displays the possible demarcation for using EMT and 
RMS/Phasor domain system models. 

Founded on the context of the boundary of RMS analysis for converter-
dominated power systems, three key issues can be identified: 

1. Time step induced issues in numerical solution of a mathematical 
model 

2. Dynamics interaction of a continuous system with a discrete 
system 

3. Digital simulation of an analog system  

2.5.1 Time step induced issues 

Power systems are commonly expressed as a set of algebraic differential 
equations and are approximately solved through time-domain simulations. 
The solution of any 𝑛th-order differential equation is derived as the 
summation of homogeneous (𝑖h) and particular (𝑖p) solutions described by:  

 
Figure 2.11: Frequency and time domain of different converter associated phenomena 
(adapted from [129]).  

𝑖(𝑡) =  𝑖h  𝑖p (2.12) 
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The 𝑖h under a given initial condition (𝑡(0)) represents the transient natural 

response of the system, which decays over time, tending to zero as time 
approaches infinity (𝑡 → ∞). The 𝑖p represents the system’s steady-state or 

long-term response. Over time, as transients decay, the steady-state 
solution persists. The homogeneous equation has exactly one solution 
determined by the initial condition, while the particular solution depends 
on the input signal [120, 127]. 

The differential network equations are numerically solved at each 
integration step in either an EMT or an RMS simulation domain, where 
EMT simulation comprises the complete general solution represented by 
(2.12) The RMS simulation (without additional frequency-dependent 
manipulation to passive network components) evaluates the long-term 
particular solution, and short-term electromagnetic transients are 
disregarded, which are strongly influenced by the time step. While RMS 
results are typically displayed on a fixed time step frame, the time constant 
of the homogeneous solution is ignored. Please note that the term ‘RMS or 
PDT’ in simulation is equivalent to 𝑖p in analytical solutions, and the term 

‘transient’ is equivalent to 𝑖h and is used interchangeably in this work [127].  

In modern numerical simulations, SMs and converters are typically present 
in a power system. Although, SMs form a part of power system but do not 
constitute the transmission system. As a result, it is not necessarily valid to 
assume that the transmission system is in quasi-stationary or steady-state 
conditions, as is often done in RMS studies. In the following sections, a 
mathematical model of a basic network is derived to gain a deeper 
understanding of the overall solution. The impact of the particular solution 
on the general solution is examined to understand the deficiencies and 
make an informed decision for considering simulation domains for 
converter-based system models. Further insights and details on a novel 
parameter called ‘Transient Voltage Difference’ (∆𝑉CTR) is presented. This 
index highlights the importance of simulation time step, its influence on 
numerical errors inherent to converter or VSC system modelling in RMS 
domain and its possible application. Details are available in [127].  

2.5.1.1 Mathematical model 

The analysis of a minimal inductive circuit with a three phase AC voltage 
source, as depicted in Figure 2.12 is considered. The impedance of the 
circuit is represented by the complex quantity, 𝑍 = j𝑋 where j is the 
imaginary unit and 𝑋 denotes the reactance. The voltage source is 

represented using space vector, given by 𝑣(𝑡) =  |𝑉̂|ej𝑎𝑟𝑔(𝑉̂) ∙ ej𝜔𝑡  , where 𝑉̂ 
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is the phasor voltage with magnitude 𝑉̂ as peak value [130]. The losses are 
initially assumed to be negligible for the purposes of this analysis. The 
voltage and resultant current in the circuit are denoted by 𝑣(𝑡) and 𝑖(𝑡) 
respectively, in a complex time domain. The differential equation in (2.13) 
describes the circuit’s response, with 𝑖(𝑡) as the current through inductor. 

𝑖(𝑡) − 𝐿
d𝑖(𝑡)

d𝑡
=  0 (2.13) 

Utilizing (2.12), the general solution for the circuit which consists of the 
homogeneous solution (𝑖h), and the particular solution (𝑖p), is denoted by: 

𝑖(𝑡) =
|𝑉̂|𝑒j𝑎𝑟𝑔(𝑉̂)

j𝜔𝐿
[𝑒j𝜔𝑡]  𝐶 (2.14) 

𝑖h = 𝐶 (2.15) 

𝑖p =
|𝑉̂|𝑒j𝑎𝑟𝑔(𝑉̂)

j𝜔𝐿
[𝑒j𝜔𝑡] (2.16) 

where, the constant ‘𝐶’ is dependent on the initial conditions and can be 
obtained by applying 𝑖(𝑡) = 𝑖(0) = 0 at 𝑡 = 0. Solving for ‘𝐶’ and 

substituting the initial conditions in the complete solution (2.14), solution 
(2.17) is achieved, where ‘𝐶’ is given by the following expression: 

𝑖(𝑡) =
|𝑉̂|𝑒j𝑎𝑟𝑔(𝑉̂)

j𝜔𝐿
[𝑒j𝜔𝑡 − 1] (2.17) 

𝐶 = −
|𝑉̂|𝑒j𝑎𝑟𝑔(𝑉̂)

j𝜔𝐿
[1] (2.18) 

As known in RMS calculation, the 𝑖h or transient solution is typically 
ignored, while the full solution is considered in electromechanical transient 

 

Figure 2.12: Inductive circuit (losses neglected) considered for analytical solution. 
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(EMT) calculation. To evaluate the potential error that may be introduced 
by neglecting the homogeneous solution for small time cycles, a ramp event 
is considered as a disturbance, as shown in Figure 2.12. The response of the 
circuit to this disturbance, denoted by 𝑟(𝑡), allows us to examine the 
general relationship between rise time and the range defined by: 

𝑟(𝑡) = 𝑡𝑢(𝑡) = {
  𝑡
 
  0

 
𝑡 ≥ 0 (2.19) 

𝑡 < 0 (2.20) 

A step function denoted by 𝑢(𝑡) represents the limiting case of a ramp with 
zero rise time. The equations are formulated as causal systems in inverse 
Laplace domain (𝐿−1{𝐹(𝑠)} = 𝑓(𝑡)). 
The magnitude of the periodic input voltage is ramped up over a specified 
time period. This ramp event is superimposed on the voltage source 𝑣(𝑡), 
with a duration of ‘𝑇’, resulting in a modified input voltage source given by: 

𝑣(𝑡) =  

{
 
 

 
 

 

𝑉̂ej𝜔𝑡 ∙
𝑡

𝑇 
0
 

𝑉̂ej𝜔𝑡

 

𝑇 > 𝑡 > 0 (2.21) 

𝑡 < 0 (2.22) 

𝑡 > 𝑇 (2.23) 

Equation (2.23) represents the voltage source after the ramp event, which 
is identical to the initial input voltage or a unit function.  his rise time ‘𝑇’ 
is related to the simulation time step (a discrete signal) ‘𝑇𝑠’,where 𝑇 = 𝑛𝑇𝑠 
(where 𝑛 is multiplier) and determines the slope of the ramp in seconds. 
[110, 128]  

Given that the network conditions remain unchanged, it follows that the 
solution, 𝑖h is identical to that presented in (2.15). This is because precisely 

one homogeneous solution exists for the specified initial conditions. 
However, the solution for 𝑖p depends on the input signal, and in this case, 

a ramp event has been applied. To determine the value of 𝑖p, initial 

conditions are assessed and solved for 𝑖p by the following equation: 

𝑖p = 
1

𝐿
∫ 𝑣(𝑡)𝑑𝑡
𝑡

0

=
1

𝐿
∫ 𝑉̂𝑒j𝜔𝑡 ∙

𝑡

𝑇
𝑑𝑡

𝑡

0

  (2.24) 

The particular solution 𝑖p during ramping interval 𝑇 is given by:  
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𝑖p =
𝑉̂

𝑇𝐿(j𝜔)
(𝑒j𝜔𝑡𝑡 −

𝑒𝑗𝜔𝑡

j𝜔
 
1

j𝜔
) (2.25) 

By applying the initial conditions at 𝑡 = 0, and solving (2.25), 𝑖p(0) = 0 is 

obtained. This implies that 𝑖h(0) = 𝐶 = 0 = 𝑖h. Consequently, the total 

solution 𝑖(𝑡), taking into account the initial conditions, is deduced using 
the following equations:  

𝑖(𝑡) = 𝑖h  𝑖p = 0  𝑖p = 𝑖p (2.26) 

𝑖(𝑡) =  
𝑉̂

𝑇𝐿(j𝜔)
(𝑒j𝜔𝑡𝑡 −

𝑒j𝜔𝑡

j𝜔
 
1

j𝜔
) (2.27) 

To determine the value of 𝑖(𝑡), at the boundary conditions and limits, 

hereby the following conditions are considered at 𝑡 = 𝑇, where ‘𝑇’ is a 
constant and of finite value. Equation (2.28) and (2.29) describe the left and 
right limits and conditions as an outcome.  

𝑖(𝑡) =

{
 
 

 
  

𝑉̂

𝑇𝐿(j𝜔)
(𝑒j𝜔𝑡𝑡 −

𝑒j𝜔𝑡

j𝜔
 
1

j𝜔
)

𝑉̂𝑒j𝜔𝑡

(j𝜔)𝐿
 𝐶R

 

𝑡   𝑇 (2.28) 

𝑡 > 𝑇 (2.29) 

where, ‘𝐶R’ is the new variable, whose value needs to be determined. By 
equating (2.28) and (2.29), ‘𝐶R’ is evaluated and yields the following: 

𝐶R =
𝑉̂(1 − 𝑒j𝜔𝑇)

(j𝜔)2𝐿𝑇
 (2.30) 

According to the calculations presented above, the current response to the 
input signal 𝑣(𝑡) is given by: 

𝑖(𝑡) =  

{
  
 

  
 
𝑉̂

j𝜔𝐿𝑇
(𝑒j𝜔𝑡 ∙ 𝑡 −

𝑒j𝜔𝑡

j𝜔
 
1

j𝜔
)

 
0
 

𝑉̂𝑒j𝜔𝑡

(j𝜔)𝐿
 
𝑉̂(1 − 𝑒j𝜔𝑇)

(j𝜔)2𝐿𝑇

 

𝑇 > 𝑡 > 0 (2.31) 

𝑡 < 0 (2.32) 

𝑡 > 𝑇 (2.33) 
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The current response described above in (2.31), (2.32) and (2.33).is the total 
solution that comprises both the 𝑖h and 𝑖p solutions. This can be considered 

the EMT solution. It is necessary to discard the 𝑖h or transient solution to 
obtain only the 𝑖p or RMS solution. The discarded value can be quantified 

as the ‘Transient Voltage Difference (∆𝑉CTR)’.  

2.5.1.2 Transient Voltage Difference (∆𝑽𝐂𝐓𝐑) equation  

The homogenous solution part of the current response can be fully 
compensated by superposition of the novel quantity ‘Transient Voltage 
Difference (∆𝑉CTR)’ onto the source voltage, thus recreating the RMS 
solution [127]. This parameter annihilates the transient or homogeneous 
part (𝑖h) of the current response in the EMT solution. Hence, the EMT 

current response in 𝑑𝑞 frame matches the RMS current response. Utilizing 
the network solution in (2.13) and substituting the current responses from 
(2.31) to (2.33), ∆𝑉CTR is calculated as: 

∆𝑉CTR = 

{
 
 

 
 

 

−
𝑉̂𝑒j𝜔𝑡𝑡

𝑇 
0
 
0

 

𝑇 > 𝑡 > 0 (2.34) 

𝑡 < 0 (2.35) 

𝑡 > 𝑇 (2.36) 

Equations (2.34) to (2.36) describes this parameter as causal function 
definition in Laplace domain under different boundary conditions of 𝑡 = 𝑇. 
The ∆𝑉CTR is active during the transient phase to compensate the 
homogenous solution of the current, i.e., the part not proportional to the 
driving voltage. From (2.34), it is deducible that ∆𝑉CTR is inversely 
proportional to time period or simulation time step ‘𝑇𝑠 = 𝑇’ and dependent 
on frequency. Thus, implying smaller time step lead to larger 
compensations or inaccuracies in models in RMS domain to match EMT 
results. ∆𝑉CTR helps estimates the transient response or can be 
superimposed on the source to obtain immediate steady-state responses. 
Further details and usage of ∆𝑉CTR is available in [127]. The following sub-
section provides simulative evidence of the mathematical analogies and 
assists in developing a better understanding of simulation domains.  

2.5.1.3 Numerical solution of a mathematical model  

Simulation is a numerical solution of differential equations, which can be 
comprehended as a discrete approximation of a continuous system [110, 
128]. Modelling involves building these mathematical equivalents and 
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performing numerical simulations. This section presents visual evidence of 
the concepts and details discussed in Section 2.5.1.1 to illustrate the 
difference in responses to a step event in EMT and RMS simulations. A 
basic circuit as a closed-loop system is simulated in PSS®NETOMAC. A 
negligible damping resistance is added to the circuit in Figure 2.12 to obtain 
Figure 2.13. The simulation output quantities are based in per-unit system. 
 

A voltage step magnitude of 1 pu is considered. Step responses are the 
worst-case scenarios that result in the largest transients in simulation. 
Additionally, a step represents the limit of a steep ramp, and the integral of 
a step is a ramp. Thus, with numerical simulations of converters, the 
reaction to a disturbance is a sequence of step responses, predicting the 
response of the network and involved elements. The network is simulated 
in both the RMS and EMT domains to compare the results using the same 
time step. The step event, which is analogous to a disturbance, is applied at 
15 msec, and the current response due to the voltage increase is evaluated. 
The resulting time traces are displayed in Figure 2.14. The initial conditions 
for the simulation include a voltage of 0 pu and a current of 0 pu. 

The step response in the voltage source of the circuit, shown in Figure 
2.14 (b) results in a 1 pu RMS current as in Figure 2.14 (a). RMS domain 
accounts for the steady-state or the particular solution (𝑖p) response after 

the transients have decayed as obtained in dq frame. The particular 
solution is highlighted (black box) and marked as steady-state solution in 
the general solution (Figure 2.14 (c)). When considering 𝑖p in the general 

solution of Figure 2.14 (c) and disregarding the rotational part, the result is 
transformed from abc → αβ → dq coordinate system corresponding to the 
magnitude in the RMS domain or the steady-state response as described in 
Figure 2.14 (a). For the general solution current response, a damping 
resistance of value 𝑅 = 1. 𝐸 − 2 pu was employed to decay the transients in 
EMT domain to attain 𝑖p and thus RMS simulation result within 1 sec. 

 

Figure 2.13: Inductive circuit with losses considered for numerical simulation. 
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In converter-dominated systems, it is necessary to investigate fast current 
loops with smaller time constants and their interaction with transients. A 
power system is typically characterized by an ohmic-inductive network 
with a low resistive component, making the inductive component 
dominant. Thus, the time required for transients to decay is relatively high. 
The damping due to regular loads is not relevant in this context. Using RMS 

 
Figure 2.14: 
(a) Magnitude of current response due to voltage step in RMS domain;  
(b) Magnitude of voltage step response in RMS domain; 
(c) General current solution due to step response with a damping resistor (𝑅) highlighting 
steady-state and transient responses. It illustrates the complete solution of a numerical 
simulation; 
(d) Current response due to voltage step in EMT domain; 
(e) Voltage step event in EMT domain [127]. 
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domain to represent IBRs under the assumption of steady-state conditions 
will result in an inadequate power system representation, rendering the 
analysis results unreliable. It is essential to consider models that can 
accurately capture the system’s behavior during transient periods.  

The showcase network in Figure 2.13 in EMT domain displays the voltage 
and current responses portrayed in Figure 2.14 (e) and Figure 2.14 (d), 
respectively. The 1 pu step increase in voltage results in current magnitude 
responses that are higher than 1 pu compared to the RMS domain plot 
(Figure 2.14 (a)). This is due to the superimposed contribution of transients 
as highlighted in the general solution displayed in Figure 2.14 (c). The 

steady-state response is reached based on the network damping (𝐿 𝑅⁄ ) ratio 

and is not a step event as displayed by RMS. The EMT plots display the first 
cycles of complete network solution. [127]  

The impact of the particular solution (𝑖p) on the general solution is 

examined and displayed to understand the deficiencies and make an 
informed decision for stability analysis and controller time constants while 
considering simulating converter-based models. 

2.5.2 Dynamics interaction  

The well-established 5th order (dq) model or even reduced order models 
due to the inherent large time constants of machines depict reasonable 
accuracy while maintaining a larger time step in the simulation. Therefore, 
synchronous machine model representation fits into the approach of 
continuous system response.  

A simple first-order example has been calculated to illustrate the main 
distinction and to determine and explain the boundary conditions which 
need to be considered for continuous and discrete systems. Stability issues 
depending on the choice of gain for comparing continuous vs. discreet 
systems are discussed below. A first-order closed-loop model given by a 
proportional controller with a gain of 𝐾R is examined. Here, current as 
input, voltage as output and an inductive path ‘𝐿’ as a continuous system 
in Figure A 1 is considered. The system is calculated considering the 
standard equation for an inductor and a resistor representing a 
proportional controller. The solution of the system is expressed by:  

𝑖(𝑡) = 𝑖0e
−
𝐾R𝑡
𝐿  (2.37) 

where 𝑖0 is a constant obtained when applying initial conditions. 
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Solution (2.37) is globally stable for all values for the network modelled as 
a continuous system with positive gain values. Hence, the simple 
continuous system with an instantaneous feedback loop is independent 
and stable for all choices of positive gain values, i.e., 𝐾R ≥ 0. 

The same system is discretized via a sample and hold (S&H) of input 
current to investigate a discrete system, deemed as a digital simulation of 
a continuous system. An exemplary response of continuous and discrete 
signal is displayed in Figure 2.15. The output voltage solution is given by: 

𝑖(𝑛𝑇S) = 𝑖0 (1 −
𝐾R𝑇S
𝐿
)
𝑛

 (2.38) 

where, 𝑖0 is the initial value of current from load flow, 𝑇S is the sampling 

period and 𝑛 is the number of samples. The intermediate steps along with 
circuit diagram for complete solution of (2.38) is given in Appendix A2. 

Now, unlike the continuous system, which is globally stable, determining 
stability in a discrete system, limits needs to be imposed as given in (2.39). 
On simplification the following boundary conditions are obtained as:  

|1 −
𝐾R𝑇S
𝐿
| < 1 (2.39) 

0 ≤
𝐾𝑅𝑇S
𝐿

≤ 2 (2.40) 

By evaluating the boundary conditions, two distinguishing boundary limits 
on the gain are obtained and provided in (2.41). Let 𝑇S = 1 and 𝐿 = 1, 
results in  𝐾R = 2. The possible gain values are described as: 

0 ≤  𝐾R ≤ 2 (2.41) 

 

Figure 2.15: Sample and hold applied to continuous system. (Black - continuous signal, 
Blue – S&H signal with jumps at each sampling time and 𝒗𝐂𝐧 – arbitrary voltage input). 
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Thus, (2.40) determine the conditions under which a discrete system is 
stable. The interesting point is that the continuous system is stable for all 
positive gain values 𝐾R ≥ 0. In contrast, for a sampled or discrete system, 
stability imposes a constraint on the possible values for the gain i.e.,(2.41). 
Furthermore, the dynamics differs in case of high gains. The dynamics of 
continuous and sampled systems get numerically close together when the 

condition 
𝐾R𝑇S

𝐿
≪ 1 is fulfilled, with gain values in (2.41). Additionally, the 

dynamics of the discrete system change from monotonic decay with 
𝐾R𝑇S

𝐿
<  1, to damped oscillation with 1 <

𝐾R𝑇S

𝐿
< 2. Thus, hinting at the 

global stability criteria of discrete systems.  

Therefore, form the above it is inferred that although gains may be chosen 
as high as possible (Laplace or s domain) to obtain fast dynamics in the case 
of an overall continuous system, the gains may not give a stable outcome 
in discrete simulation. Global stability under all parameter conditions may 
be true in case of a particular continuous system but not always valid in 
case of the same discrete system. Hence, to determine and explain the 
boundary conditions, care must be taken between continuous and discrete 
systems to obtain global stability under all parameter conditions. 

In this work, the mathematical deductions are in continuous domain 
(Laplace) since a true similarity is achieved with RMS domain simulation 
or at steady-state 𝑖p However, the control simulated in the EMT domain is 

discrete, as stated in the Preamble (Section 1.3.1), abiding by the bounds.  

2.5.3 Digital simulation of an analog system  

Power systems correspond to analog systems. The numerical solution of 
the continuous power system equations is called a simulation. It can be 
interpreted as a discrete system such that the input values of the discrete 
system are equal to the sampled values of the continuous system. When a 
system can process all the sampled inputs to get continuous outputs, such 
a system is called an – ideal – digital simulator [110]. The equations beneath 
express ideal discrete input and output signals as: 

𝑓[𝑛] = 𝑓[𝑛𝑇]   𝑔[𝑛] = 𝑔[𝑛𝑇] (2.42) 

where, 𝑓[𝑛] is the input signal and 𝑔[𝑛] is the output signal. [110] 

The above relations in (2.42) are in reality untrue since a discrete simulator 
does not have an infinite number of samples but instead has a finite 
number of samples [110, 131], and the values of 𝑓[𝑡] and 𝑔[𝑡] will not 
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necessarily coincide. To satisfy the simulation conditions, the band-limited 
input signal must be considered.  

Hence, a discrete simulator of an analogous system considers the following: 

• Limited sampled impulse response values of the analogous system  

• The discrete simulator is specified in terms of a unit circle. 

The above leads to the simulation of an analogous system with sampled 
inputs. A discrete simulator is a realizable computer system that should be 
rational and causal. However, an arbitrary simulation task is not necessarily 
rational, thus leading to an approximation of a discrete-time domain or 
frequency domain error [110]. Therefore, only band-limited data or signals 
principally allow accurate simulation of continuous systems. 

2.5.4 Discussion on modelling aspects 

The purpose of a simulation is to solve mathematical models numerically, 
but if the errors encountered are too large, the validity of the simulation is 
compromised. It is essential to accurately represent converter control 
models when investigating power systems with IBRs. The simulation time 
step plays a significant role in the numerical errors inherent in converter 
modelling. Smaller control time constants require a smaller simulation 
time step. The responses of the fast closed-loop signals are not 
appropriately represented in the RMS domain due to the inadequate 
system feedback, and affecting the resultant steady-state associated with 
converter source models. RMS simulations reflect power changes 
sufficiently accurately in machine-dominated systems but fail to capture 
the dynamics precisely with a high share of IBRs [14, 22, 23, 107, 127]. Hence, 
cause significant and non-evident modelling and system analysis errors. 
Further details on this topic have been discussed in [127] and a novel index 
is introduced to quantify the error in RMS domain response and its 
implications. 

Based on the details mentioned above in Section 2.5, a mere RMS 
simulation is not adequate to assess the IBR-based system’s stability. A 
worthwhile comparison between EMT and RMS results is obtained only 
after the first couple of cycles since RMS calculations consist of only 𝑖p 

Additionally, as described in Section 2.5.2 and 2.5.3, attention should be 
paid to continuous and discrete systems to obtain global stability in control 
system under all parameter conditions. To determine the robustness of 
discrete time dynamical systems, the criterion for global asymptotic 
stability needs to be ensured. Further, as in Section 2.5.3, distinguishing 
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between digital simulation and an analog system is mandated as any 
simulation has inherent limitations and is not injective or uniquely mapped 
with an analog system (hardware/real equipment). 

Based on the above, a few key takeaways include: 

• Time required to reach steady-state response in EMT is disregarded 
in RMS and induces modelling errors in RMS domain. 

• RMS is unable to accurately represent converter dynamics with 
closed-loop power system (𝑅, 𝐿, 𝐶 as passive network elements) due 
to constant frequency assumption. Unless a control is developed, 
which achieves constant frequency at steady-state of any arbitrary 
power system. 

• To design any discrete dynamical system, global stability under all 
system parameter conditions is required to be established. 

The Phase Restoring Principle (PRP) introduced in this work generates a 
constant frequency due to the control structure. Thus, both positive 
sequence EMT and RMS results merge into steady-state similar responses. 
However, as the control development progresses the validity of each 
simulation domain is assessed to check the legitimacy of response as 
mentioned in Section 1.3.1 and shown in Section 4. 

2.6 Chapter summary  

This chapter discusses the operating principles of PE-based converters, and 
a broad-level classification of their control strategies according to the 
evolving grid. Two main converter control categories are discussed, namely 
GFL and GFM. Their functional behavior is compared under distinct 
operating conditions with GFM to indicate possible future network 
solutions. The primary inadequacy of GFL is attributed to the 
synchronization procedure achieved via PLL, leading to instabilities in 
weak grids. 

Further, new developments in the power industry are highlighted with a 
focus on the new upcoming philosophies guiding the grid code 
requirements for the IBR-dominated power system in general and GFM in 
particular. The system demands based on the evolving grid are ranked, of 
which stability is most crucial. GFM recommended definition and its 
requirements and activities based on the deploying or deployed countries 
are listed. In this regard, particular importance is given to the definition 
published by NERC, and the feature of prioritizing disturbance over 
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setpoints is emphasized. Some other characteristics requested by most 
countries such as active power control, damping active power, inertial 
response, overcurrent protection etc., are also looked into and discussed.  

As stability is the primary requirement for system needs hierarchy, an 
overview, and definitions of dynamical system stability in general and 
power system stability in specific, are examined. The impact and 
deductions of IBRs on power system stability are reviewed with a significant 
influence on voltage and frequency stability (magnitude and phase). A new 
stability class called Converter-Driven Stability focusing on harmonic 
interactions was recently introduced, indirectly influencing voltage and 
frequency stability. Followed by a synopsis of the ‘Existence Theorem’ and 
small-signal analysis as the preferred methodology utilized for stability 
analysis in the forthcoming chapter of this work. 

Additionally, the activities on IBR Modelling and recommendations by 
various WGs and national grid codes are accentuated. Therefore, modelling 
aspects of converter technologies as a concluding topic pertaining to 
converter-dominated systems is discussed. The relevance of the accurate 
translation of mathematical models, simulation domains, and physical 
systems is illustrated. Simulation models enable the assessment of any 
technology and, therefore, to conceive a better awareness. This section 
highlights probable errors or mismatches between the physical system and 
simulation. The insufficiency of phasor or RMS simulation for converter-
dominated systems is evaluated against EMT, both analytically and 
simulatively. General awareness of modelling and simulation errors from 
stability perspective is examined. A greater emphasis on global asymptotic 
stability is given from nonlinear control systems aspect.  
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3 Grid-Forming control based on  hase 
Restoring  rinciple 

This chapter introduces the novel GFM control scheme called the ‘Phase 
Restoring Principle’ (PRP) that achieves power system stability under 
several challenging network scenarios. The control hierarchy is elucidated 
with the bottom-up approach to illustrate each control loop’s significance 
for the scheme’s development.  he control development consists of three 
distinctive phases. Phase 1 introduces a novel building block that provides 
fast frequency response and is fully GFM. PRP is described in Section 3.1, 
the mathematical proof of its operating point's validity is presented in 
Section 3.2 and the small-signal solution is derived in Section 3.3. Phase 2 
extends and enhances this scheme with active power control (APC), as 
described in Section 3.4, allowing interoperability between multiple 
sources. Lastly, Phase 3 concludes the control scheme by implementing a 
unique current limiting methodology complementing Phases 1 and 2, and 
is depicted in Section 3.5. The details of the complete PRP GFM Scheme 
with DC compensation are presented in Section 3.6, and the entire control 
concept is summarized in Section 3.7. The theoretical proof supported by 
simulation and demonstration of practical case studies of this nonlinear 
control is depicted in the following chapters. Parts of this chapter are 
published in journals J1, J2 and conference contribution C1 (see Table A 7).  

3.1 Novel building block 

A control that achieves asymptotic stability and, consequently, frequency 
emerges after steady-state evolution may be defined as a GFM system. It is, 
therefore, worth examining the physical definition of GFM recommended 
by NERC and extending the definition to include a system that achieves 
asymptotic stability. Hence, the controller design, as pointed out by NERC, 
responds to disturbance, and all controllers in the power system 
collectively support both voltage and frequency to be restored. The 
regulation of active and reactive power is a secondary task. 

The learnings from Siemens NGA and system requirements, as discussed in 
Chapter 2, initiated the development of the globally stable and novel ‘Phase 
Restoring Principle’ (PRP). The approach is based on the change of 
perspective from converter to grid, prioritizing response to disturbances 
over response to setpoint changes and attaining nominal frequency in 
reverse action to a PLL. As iterated in Section 2.4 and 2.5.2, stability must 
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be ensured under all operating conditions to design a globally stable 
control system, independent of the variation of network parameters.  

This concept of Phase Restoration is realized by choice of transformation 
angle applied to the measured voltage using a novel angular transformation 
called ρdrιdr, as displayed in Figure 3.1. The new rotating coordinate system, 
rotates contrary to the conventional dq used with PLL, by reacting to the 
phase difference as described in equation (A 3.3) of Appendix A3. Thus, no 
synchronization is involved with the power system frequency. 

The control concept clamps the phase at the voltage measurement node, 
restoring to its initial value in the opposite direction to a disturbance in the 
ohmic-inductive network and achieving steady-state or constant 
frequency. It attains the post-disturbance operating point directly by 
adjusting the transformation angle applied to the converter source. The 
PRP represents the phase part of a voltage in the GFM principle 
corresponding to a complex rotation and is a nonlinear phenomenon. Thus, 
the proposed control scheme built is nonlinear, discrete, and the lowest 
building block in developing a GFM converter control.  

Frequency is uniquely defined only under steady-state conditions, an 
essential aspect of the PRP control’s property to obtain operating points. 
The Taylor series expansion for the complex argument of the node voltage 
as a function of time is given by:  

𝜙(𝑡) = 𝜙0  𝜙1
𝑡

1!
 𝜙2

𝑡2

2!
 ⋯ (3.1) 

 

Figure 3.1: Phasor diagram interpretation of the phase drift 𝜗dr in αβ frame. 
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where, 𝜙0 is the phase of the voltage and 𝜙1 =
d𝜙

dt
 represents instantaneous 

frequency which is constant at steady-state. Argument and phase of a 

complex number (𝑧 =  ej𝜙) are used synonymously (𝜙 = arg {𝑧}). At 
steady-state, other than 0th and 1 t derivate, all higher derivatives are zero. 
Thus, asymptotic stability corresponds to these two terms. The absolute 
load flow phase, represented by 𝜙0, is an outcome of the dynamic network 
history when it reaches steady-state. PRP works on 𝜙1, mathematically 
defined as frequency; hence, the scheme creates frequency. 

The analyzed power system displays an ohmic and inductive characteristic, 
resulting in an inherent phase shift. The control strategy utilizes this 
fundamental characteristic. PRP incorporates a new ρdrιdr rotating 
coordinate system, rotating opposite to a PLL or synchronized system 
response. As known, the selection of a coordinate transformation largely 
depends on the specific controller method being used. The current and 
voltage phase will depend on the choice of the coordinate or reference 
system dynamically. Whereas the magnitudes of voltage or current and 
power are invariant to the arbitrary transformations. Therefore, it is 
advantageous to use invariant quantities in control design and hence, 
utilized in PRP design. Due to the novel transformation, the transient 
frequency drift shifts from the power system to the control, resulting in a 
stabilizing response in the phase change to counteract the disturbance. The 
reaction is in accordance with the power system’s inductive nature and 
participates in the creation of future operating point. PRP inherently 
accounts for the voltage stabilizing effect. Therefore, it is possible to 
maintain global stability (discussed in Section 2.4.1.) in the power system 
invariably achieving nominal frequency 𝜔n. It is essential to mention 
specifically for GFM converters; stability corresponds to maintaining the 
phase-frequency relationship of voltage to stabilize the network. All 
relevant information is extracted from the locally measured voltage for a 
converter control. Frequency is associated with the argument of voltage 
vector; a strong coupling exists between voltage and frequency stability. 
Attaining both voltage and frequency stability is vital. 

The block diagram of PRP, an essential building block for realizing a GFM-
based converter control scheme, is shown in Figure 3.2. This is further 
referenced as Phase 1. The naming conventions are aligned with the space 
vector representation in Figure 3.1 to aid understanding. The general 

converter output voltage is defined by 𝑣 = 𝑉̂e(j𝜔𝑡)  𝑣DC, where 𝑣 is the 

voltage space vector in time domain, 𝑉̂ is AC phasor voltage and 𝑣DC =  𝑉̂DC 

is the DC space vector. At steady-state 𝑉̂DC is negligible and 𝑉̂e(j𝜔𝑡) is the 
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driving voltage, with 𝑉̂LG as peak magnitude. Thus, the output signal 
(source voltage) in EMT domain consists of an AC and DC part 

𝑣 =   𝑉̂e(j2𝜋𝐹n𝑡)  𝑉̂DC. Whereas, in RMS domain the output voltage is 

reduced to the phasor part 𝑉, where 𝑉 = 𝑉̂ √2⁄  . Accordingly, the nominal 

frequency shift block (highlighted in bold in Figure 3.2) is set to zero in 
RMS domain. The network quantities are in physical units while the control 
requires a pu base as clarified in Appendix A4.  

The block diagram in Figure 3.2 consists of the three-phase measured input 
voltages (𝑉M) which are smoothed and discretized over a sample and hold 

block (S&H) with an inherent delay to create and represent a realistic 
discrete converter control with sampling frequency. The full control is 
sampled with 10     or time step of 100 μ ec. The method shall also work 
with sampling frequencies starting from 5     to higher values. The 
smoothing time constant is 100 μ ec. The measured input signals are 
transformed from αβ reference frame to a new coordinate frame of ρdrιdr 
in terms of the frequency drift, where ρdr represents the real part of the 
measured voltage while ιdr is the imaginary part. The phasor diagram is 
shown in Figure 3.1, where the new reference system ρdrιdr is defined by the 
drift frequency or Phase Restoring angle (𝜗n − 𝜗dr), a rotation angle with 
respect to αβ. Thus, displaying the opposite behavior to the standard PLL 
phase defined by (𝜗n  𝜗dr) by not following the system frequency and 
maintaining a drift in control coordinate system. This raw drift or 

difference in phase of the complex input voltage (arg{𝑧} =  tan−1
Im{𝑧}

Re{𝑧}
) is 

processed over a differentiator (𝑠 ∙ 𝑇1) with the phase of the complex input 
voltage and is further smoothed with the time constant (𝑇2). The 
differentiator with the first-order filter constitutes the washout filter to 
suppress noise amplification. The smoothed difference (𝜔dr) corresponds 
to the 1𝑠𝑡 term, or coefficient of the  aylor series expansion’s as addressed 
in (3.1). The control is represented in the continuous domain for analytical 
treatment. The differentiator is approximated by a difference for the 
simulation purposes. The differentiator discards the control of the 0𝑡ℎ-
order term or the constant load flow phase, thus deriving instantaneous 
frequency. The resultant frequency drift (𝜔dr) is subtracted from the 
reference frequency (𝜔n) and passed to the phase integrator (𝑇1). The 
integrator computes the linear part of the transformation angle over the 
control feedback loop. Reference values (𝑉0, 𝜑0) are manipulated based on 
the phase drift (𝜗n−𝜗dr) to the new coordinate system (ρdrιdr) and cross-
referenced to the rotating αβ, to obtain three-phase converter voltage (𝑉C) 
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in physical units. Here, 𝑉0 and 𝜑0  represent pu nominal peak voltage and 
initial phase of 𝑉C output. 

The PRP control scheme is characterized by the absence of an initial 
reference signal and synchronizes to the measurement node and the 
network impedances, facilitating power sharing (initial phase and nominal 
frequency are required prior to PRP control release). The power sharing is 
then accomplished based on the ratios of the network impedances. The 
Phase Restoration process is accomplished by employing a voltage 
transformation angle at the measurement node, which is generated in 
response to a disturbance through the action of the phase integrator. The 
frequency drift archives the operating history embedded in the transient 
phenomenon. Following a disturbance, the phase at the measurement node 
is restored to its initial value. The power system moves from the initial state 
and converges into the steady-state solution via the action of the Phase 
Restoration integrator. The phase of the converter voltage exhibits a direct 
path from the initial state to the steady-state. This response is aligned with 
N R ’s [31] and National  rid’s requirements [16], further discussed in 
Chapter 4 and Chapter 5. The frequency drift (𝜔dr) has a transient and a 
steady-state aspect. The latter is an aspect of active power control (APC), 
covered in sub-section 3.4. Therefore, PRP concentrates on the phase part 
of the voltage in the GFM principle and directly takes over the central part 
of the control [21, 29].  

3.2 Mathematical proof to obtain stable operating point  

To illustrate the control principle, a basic ohmic inductive test bench 
network is considered, as shown in Figure 3.3. This topology consists of a 
converter voltage source ‘ 𝑉C’, connected at node ‘  N’ via coupling 

impedance ‘𝑋C’ and followed by a transformer impedance ‘𝑋T’ at the 
measurement node ‘   S’.  he grid equivalent or slack node is designated 
as ‘SLK’ with voltage ‘𝑉S’ and the load is connected at the point of common 
coupling. Between the ‘P  ’ and ‘SLK’, the network impedance ‘𝑋N’ with a 
negligible resistive component ‘𝑅N’ is connected. The load is purely 
resistive, with resistance ‘𝑅’. The load is initially disconnected, and the 
scenario is termed as pre-disturbance. Connection of the load is termed as 
post-disturbance. Both the CON and SLK terminals operate at nominal 

voltage (𝑉̂LG) or 1 pu (Appendix A4). 

The control aims to achieve power system stability by fixing the phase 
voltage at the measurement node ‘   S’, expressed by voltage ‘𝑉M’. To 
reach the steady-state operating point (post-disturbance), the solution to 
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the network equations need to be ascertained, which are unique. The 
network in Figure 3.3 is illustrated as a two-port network and is solved using 
the following two voltage loop equations: 

𝑉S − j𝑋N𝐼N − 𝑉R = 0 (3.2) 

𝑉C − j𝑋C𝐼C − j𝑋T𝐼C − 𝑉R = 0 (3.3) 

where, 𝑉C = |𝑉C|e
j𝜑 = 𝑉̂LGe

j𝜑 is the converter source voltage, 𝑉S = 𝑉̂LGe
j0 

is the slack voltage, 𝐼C and 𝐼N are the complex currents flowing in the 
network. 𝑉R, is the voltage across the load and the resultant is:  

𝑉R = 𝑅(𝐼C  𝐼N) (3.4) 

On solving (3.2), (3.3) and (3.4) given above, transpires a solution for the 
loops currents 𝐼C and 𝐼N. The voltage at the measurement node 𝑉M =

 |𝑉M|e
j𝜃, is equated by: 

𝑉M = 𝑉C − j𝑋C𝐼𝐶 (3.5) 

As discussed in Section 2.4.3.1, the ‘Existence Theorem’ is utilized to find a 
unique solution under given conditions in linear or nonlinear systems and 
thus prove the existence of solutions [120, 121]. The idea is to display the 
nonlinear PRP scheme’s achievement of steady-state independent of the 
network parameters, with the phase at its measurement node reverting to 
its initial value. To solve for the steady-state operating point, the phase at 
‘SLK’ is assumed to be equal to the phase at ‘   S’, approximating 
negligible impedance values of 𝑋N and 𝑋T. The assumptions allows the 
determination of phase at ‘   S’. The network solution of (3.5) is 
described in A5 of the Appendix and its simplified form is: 

𝑉M = e
j𝜑 ∙ 𝑐1  𝑐2 (3.6) 

 

Figure 3.3: Simplified circuit diagram of the test network in post-disturbance condition. 
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Applying condition   {𝑉M} = 0, the voltage phase at ‘   S’ becomes 

independent of load 𝑅 and of value zero. Substituting 𝑉M with its the 

magnitude and phase as 𝑉M =  |𝑉M|e
j0, allows to obtain an equation in 

terms of network impedances and arg(𝑉𝐶) = 𝜑. The solution is as follows: 

𝜑 = − in−1 (
  {𝑐2}

|𝑐1|
) − arg(𝑐1) (3.7) 

where, 𝑐1 and 𝑐2 are complex numbers depending on the network 
impedances with the complete solution of 𝜑 exhibited in equation (A 5.5 of 
Appendix A5. Equation (3.7) is giving in terms of the converter phase. 

The geometrical representation of the analytical equation (3.6) is displayed 
in Figure 3.4. The solution is given by the intersection of the circle with the 

x-axis or  e{𝑉M}. In (3.6), an arbitrary circle is defined in the plane of 

( e{𝑉M},   {𝑉M}) with radius |𝑐1| shifted from the origin by 𝑐2. Equation 

(3.7) is obtained by imposing the condition   {𝑉M} = 0 to equation (A 5.5) 

or simplified form in (3.6). Figure 3.4 illustrates all possible solutions for 
the network with an arbitrary phase of converter voltage, denoted as 𝜑. The 
PRP limits the solutions to the initial value of 𝜑0 (set to 𝜑0 = 0, in this 
scenario). At the instant of control release, initial value 𝜑0 of the converter 
phase is determined. An intersection of the circle with the real axis 
indicates a stable operating point of the new phase 𝜑 with respect to 𝜑0, 
while a non-intersection with the real axis suggests no potential operating 
point. 

 
Figure 3.4: Geometrical solution of 𝑉M according to equation (3.6) parameterized by 

converter voltage phase 𝜑 given in equation (3.7). 
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As the converter phase (𝜑) value increases, the circle is traced 
counterclockwise, with 0 radian  (marked ×) as the initial value. To better 
comprehend the post-event solution development, the initial phase is 
superimposed on the Figure 3.4. There exist two intersections of the circle 

with  e{𝑉M} represents regular (green dot) and irregular (red dot) 

conditions. Here, irregularity refers to phase opposition appearing at the 
initial value’s far end. The Phase Restoring control achieves the steady-state 
value by following the direct path lying closest to the starting point 
(0 radian ). The network solutions described here are high voltage low 
current (regular) or high current low voltage (irregular). From power 
system theory, these two solutions exist for transmitting power over long 
distances with minimal losses. PRP acts towards the regular solution. 
The network shown in Figure 3.3 is analyzed to determine the parameter 
conditions under which steady-state is achieved. Equation (A 5.5) aids to 
achieve the following two expressions: 

|𝑐1|2 = ((𝑋N
2𝑋T(𝑋T  𝑋C)  𝑅

2(𝑋N  𝑋T)(𝑋C  𝑋N  𝑋T))
2

 (𝑅𝑋C𝑋N
2)
2
) 

(3.8) 

  {𝑐2} = −(𝑅𝑋C𝑋N(𝑋C  𝑋T)) (3.9) 

The complex form equivalent to (3.7) is presented in (3.10), and the 
complete solution of both is in (A 5.5) of Appendix. 

|𝑐1|  {ej(𝜑+𝑎𝑟𝑔(𝑐1))} = −  {𝑐2} (3.10) 

The dependence on power system parameters is analyzed utilizing (3.10), 
to determine the range of validity for the PRP. 

3.2.1 Determination of network parameters ranges  

This section derives the constraints on parameter ranges required to obtain 
a steady-state solution. The application of upper bound estimates reduces 
the number of parameters. The objective is to identify the parameter 
constraints (𝑋T where 𝑋C is given) under which network parameters can be 
arbitrarily varied (𝑅 and 𝑋N). The mathematical estimates determined 
utilizing upper and lower bounds help define the basic design parameters 
of the PRP-based GFM system. 

Equation (3.10) describes a circle with radius |𝑐1| with the origin translated 
by 𝑐2. The necessary condition for intersection with real line (in Figure 3.4) 
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referenced in (3.11) states that the radius must be greater than or equal to 
the shift origin along the imaginary line. Three assumptions are formulated 
and proved in the following sections to define the boundaries of the 
operating point. 

|𝑐1|2 ≥ (−  {𝑐2})2 (3.11) 

3.2.1.1 Assumption 1 - Considering 𝑹 > 𝑿𝐂  

Deduction. Considering the left hand side (LHS) of (3.11) and neglecting 
the first term to establish larger than condition for |𝑐1|2. Neglecting the 
last term in (3.8) as it is a square of positive terms, the following is obtained: 

|𝑐1|2 > 

(((𝑅2(𝑋N  𝑋T)(𝑋C  𝑋N  𝑋T))
2
 (𝑅𝑋C𝑋N

2)
2
)) 

> ((𝑅2(𝑋N  𝑋T)(𝑋C  𝑋N  𝑋T))
2
) 

(3.12) 

Additionally, neglecting 𝑋T in the first bracket and 𝑋N in the second bracket 
to establish a relation in similar terms of   {𝑐2}. The resultant is: 

|𝑐1|2 > ((𝑅2(𝑋N)(𝑋C  𝑋T))
2
) (3.13) 

Now, applying the initial condition 𝑅 > 𝑋C, and substituting one 𝑅 term 
with 𝑋C, delivers: 

|𝑐1|2 > (𝑅𝑋C(𝑋N)(𝑋C  𝑋T))
2
> (  {𝑐2})2 (3.14) 

The final inequality hold true as it is based on the initial hypothesis that 

𝑅 > 𝑋C. This leads to  𝑐12 > 𝑐22 ≡ |𝑐1| > |𝑐2|, since   {𝑐2} = 𝑅𝑋C
2𝑋N  

𝑋C𝑋N𝑋T (as witnessed by comparing (3.7) and (A 5.5). 

Remark 1: It is deduced that a globally stable solution is achieved by 
ensuring that the radius 𝑐1 is always greater than the shift of the origin 

along the imaginary axis,   {𝑉M}. This implies, 𝑅 must be greater than 𝑋C. 

The condition above guarantees the intersection of the circle with the real 

axis,  e{𝑉M}, resulting in a steady operating point. Additionally, 𝑅 > 𝑋C 
describe typical power system load, such as nominal load with 𝑅~10 × 𝑋C. 

3.2.1.2 Assumption 2 - Complement to Assumption 1, i.e., 𝑹 < 𝑿𝐂 

Deduction. Starting with the same consideration of as in Assumption 1 
and neglecting the first term devoid of 𝑅 and the related hypothesis 
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dependency on 𝑋C in the LHS of (3.11). Thus, creating inequalities and 
resulting in the following: 

|𝑐1|2 > (((𝑅2(𝑋N  𝑋T)(𝑋C  𝑋N  𝑋T))
2
 (𝑅𝑋C𝑋N

2)
2
)) (3.15) 

Assuming 𝑋T = 0, and applying to the inequality in (3.15), gives: 

|𝑐1|2 > (((𝑅2(𝑋N)(𝑋C  𝑋N))
2
 (𝑅𝑋C𝑋N

2)
2
)) (3.16) 

Considering the RHS of (3.11) and using the above assumption of 𝑋T = 0, 
and equating the resultant to (3.16), produces the expression: 

|𝑐1|2 > (((𝑅2(𝑋N)(𝑋C  𝑋N))
2
 (𝑅𝑋C𝑋N

2)
2
))

= (𝑅𝑋C𝑋N(𝑋C))
2
 

(3.17) 

Applying the inference deduced in Assumption 1 for global stability, 
𝑐1 >  𝑐2, implies LHS>RHS. Using this logic in (3.17), the form below 
evolves: 

(((𝑅2(𝑋N)(𝑋C  𝑋N))
2
 (𝑅𝑋C𝑋N

2)
2
)) > (𝑅𝑋C𝑋N(𝑋C))

2
 (3.18) 

Considering common terms and simplifying (3.18) results into: 

(𝑅(𝑋C  𝑋N)  (𝑋C𝑋N))
2
> (𝑋C𝑋C)

2 (3.19) 

For the condition in (3.19) to be untrue, implies LHS<RHS. Thus, the 
resultant is indicated in (3.20) and (3.21) by equating terms of each side. 

(𝑋C𝑋N) < (𝑋C𝑋C) ⇒ 𝑋N < 𝑋C (3.20) 

𝑅(𝑋C  𝑋N) < (𝑋C𝑋C) ⇒ 𝑅 ≪ 𝑋C  (3.21) 

Remark 2: It is deduced from (3.20) and (3.21), the conditions under which 
the network equations fail to satisfy the steady-state solution or |𝑐1| < |𝑐2| 
leading to no intersection with the real axis. This suggests that a steady-
state operating point for the Phase Restoring control will not be achieved 
with the above network conditions, 𝑋N < 𝑋C and 𝑅 ≪ 𝑋C and 𝑋T = 0. The 
transformer impedance (𝑋T) is a decisive parameter and cannot be 
disregarded in controller design. 
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3.2.1.3 Assumption 3 - Considering 𝑿𝐓 ≥ 𝑿𝐂 

Deduction. Assumption 3 stability criteria is based on (3.11) and the 
global stability inference of |𝑐1| > |𝑐2| from Assumption 1. By neglecting 
the last term in the RHS of (3.8) the inequality condition below is 
established: 

(
𝑋N

2𝑋T(𝑋T  𝑋C)  𝑅
2(𝑋N  𝑋T)

(𝑋C  𝑋N  𝑋T)
)

2

> (𝑅𝑋C𝑋N(𝑋C  𝑋T))
2
 (3.22) 

The LHS of the inequality in (3.22) is examined, and compared with |𝑐2| to 
obtain similar terms. Applying the assumption that 𝑋T ≥ 𝑋C  ⇒  𝑋C ≤ 𝑋T to 
the second term (𝑋N  𝑋T) and neglecting 𝑋N with respect to 𝑋C in 
(𝑋C  𝑋N  𝑋T) of the second term in LHS, the expression below is 
obtained: 

|𝑐1|2 > (𝑋N
2𝑋T(𝑋T  𝑋C)  𝑅

2(𝑋N  𝑋C)(𝑋C  𝑋T))
2
 (3.23) 

Taking common terms from the LHS in (3.23) and RHS in (3.22) and 
applying square root on both side, the following is derived: 

(𝑋N
2𝑋T  𝑅

2(𝑋N  𝑋C)) > (𝑅𝑋C𝑋N) 
(3.24) 

Inference 3: As it has been previously concluded that 𝑅 > 𝑋C, always gives 
a globally stable solution. Further, boundary conditions are applied to 
(3.24) for determining the lower limits of 𝑋C (sub-section 3.2.1.4 and 3.2.1.5). 

3.2.1.4 Assumption 3a - Considering 𝑹 < 𝑿𝐂 and 𝑹 < 𝑿𝐍 

Deduction. The LHS of (3.24) is analyzed by applying the assumption 
𝑋T ≥ 𝑋C, and the following condition is obtained: 

𝐿𝐻𝑆 > (𝑋N
2𝑋C  𝑅

2(𝑋N  𝑋C)) (3.25) 

By applying the assumption 𝑅 < 𝑋N, and substituting 𝑅 for 𝑋N in the first 
term and 𝑋N for 𝑅 in the second term of (3.25), leads to: 

(𝑋N
2𝑋C  𝑅

2(𝑋N  𝑋C))
𝑦𝑖𝑒𝑙𝑑𝑠
→    (𝑅𝑋N𝑋C  𝑅𝑋N(𝑋N  𝑋C)) (3.26) 

Analogizing RHS terms in (3.26) to the RHS of (3.24), the following 
resulting terms are concluded: 
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((𝑅𝑋C𝑋N)⏟       𝑅𝑋N(𝑋N  𝑋C))

> (𝑅𝐻𝑆  𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑡𝑒𝑟𝑚𝑠) > (𝑅𝑋C𝑋N⏟    ) 

(3.27) 

Inference 3a: The inequality demonstrated suggests that the assumptions 
made are valid and that the LHS > RHS based on the premises considered. 

3.2.1.5 Assumption 3b - Considering 𝑹 < 𝑿𝐂 and 𝑹 > 𝑿𝐍 

Deduction. By considering the initial hypothesis presented in (3.24) and 
applying the supposition 𝑋C ≤ 𝑋T to the LHS of the inequality, the result 
below is reached: 

𝐿𝐻𝑆 > (𝑋N
2𝑋C  𝑅

2(𝑋N  𝑋C)) (3.28) 

Additionally applying 𝑅 > 𝑋N, and simplifying: 

(𝑋N
2𝑋C  𝑅𝑋N (𝑋N  𝑋C))

𝑦𝑖𝑒𝑙𝑑𝑠
→   (𝑋N

2𝑋C  𝑅𝑋N
2  𝑅𝑋N𝑋C) (3.29) 

On comparing the outcome in (3.29) to the RHS of (3.24), (3.30) is inferred. 

(𝑋N
2𝑋C  𝑅𝑋N

2  𝑅𝑋C𝑋N⏟    ) > (𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑡𝑒𝑟𝑚𝑠  𝑅𝐻𝑆)

> (𝑅𝑋C𝑋N⏟    ) 
(3.30) 

Inference 3b: Therefore, the assumptions are true. 

Remark 3: Assumption 3a and Assumption 3b outline the criteria for 
stable operating points. The condition 𝑅 < 𝑋C, always hold true since the 
preconditions was derived from Assumption 2, which defines the limits for 
𝑋T and 𝑅 << 𝑋C. 𝑅 → 0, maybe inferred as a short circuit condition, 
irrespective of 𝑋N value, and the control acts to attains stable operating 
point under this condition. 

One significant conclusion drawn from this hypothesis is the pivotal role 
of transformer impedance in the overall performance of converter control. 
In addition, the coupling reactance 𝑋C or impedance 𝑍C and the 
transformer reactance 𝑋T or impedance 𝑍T are design parameters of the 
converter control system (neglecting resistive part). They are specified 
during the basic design process. Hence, 𝑋C and 𝑋T are not network 
branches but quintessential parts of the converter system stability. The 
‘Existence Theorem’ proves that control stability is independent of network 
impedance or 𝑋N. Thus, the proceedings provide necessary and sufficient 
evidence for the PRP scheme [29].  
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3.3 Small-signal stability analysis 

The devised analytical approach evaluates the stability under independent 
network loading of the closed-loop nonlinear Phase Restoring control 
scheme via linearization. The small-signal stability analysis approach and 
details have been discussed in Section 2.4.3.2. 

The network model is reduced, and small-signal linearization is performed 
on the controller structure, represented by transfer functions in Laplace 
domain. Firstly, small-signal system stability analysis with a restriction on 
the load model (𝑅) at PCC is conducted, indicating a typical small-signal 
disturbance. This task is intentionally enacted to display simulation 
responses under regular network loading conditions with sufficiently large 
load or 𝑅 values corresponding to small phase conditions. 

Subsequently, the general small-signal solution in frequency domain is 
derived, displaying the stability of the closed-loop system independent of 
network loading and, by extension, global stability of the control.  

As the network topology is not of prime focus but, the control, the structure 
of PRP in Figure 3.2 is considered for analytical calculation and linear 
approximation. The reduced-order network shown in Figure 3.5 is used in 
conjunction with the linearized Phase 1 control model in dq representation. 

The 1st order measurement delays have been ignored in the reduced order 
analytical and the simulative model to facilitate small-signal analysis. The 
reduced order network shown in Figure 3.5 is similar to the test bench 
depicted in Figure 3.3. The total impedance ‘𝑋 = 𝑠𝐿’ includes the coupling 
impedance ‘𝑋C’ and transformer impedance ‘𝑋T’ The resistive load is 
represented by ‘R’, similar to Figure 3.3. In this context, ‘𝑈(𝑠)’ represents 
the converter source voltage, which is analogous to ‘ 𝑉C’, and ‘𝑉(𝑠)’ is 
equivalent to the voltage at the measurement node ‘ 𝑉M’ in the frequency 
domain. This analogy is valid as only one equivalent impedance has been 
assessed.  

 
Figure 3.5. Reduced test network consisting of source and load utilized for linearization, 
with outer (network) loop highlighted in yellow.  
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Linear approximation is conducted by evaluating the Taylor series 
expansion about the point of interest. The steps involved in linearization 
and the components used to derive the transfer function are presented in 
the following sub-sections. At this stage, it is not mandatory to introduce 
the new coordinate system ρdrιdr in the derivation of the analytical results. 
Instead, the controller’s internal quantities are directly represented in the 
dq coordinate system as obtained from linearization. The linearization of 
PRP evolved in a two-step approach.  

3.3.1 Small-signal analysis for typical power system loads 

A solution is initially established for realistic loads in the power system 
(𝑅 ≥ 1 pu) with sufficiently small phases as an operating point and is 
visualized by numerical methods. Here 𝑅 = 1 pu corresponds to nominal 
load or regular network loading. 

For facilitating small-signal analysis, the feedback loop with phase 
integrator is simplified as a first-order system, and eliminating inverse 
dynamics. The resultant reduced-order PRP control scheme is shown in 
Figure 3.6. This reduced order model is analyzed within the context of the 
reduced closed-loop test bench depicted in Figure 3.5. The closed-loop 
control transfer functions are derived in the Laplace domain by considering 
the network and converter’s physical relationships.  he overall transfer 
function is determined by assessing all individual components. Based on 
the analytical model, inferences are drawn to confirm the stability of the 
control system and verify simulatively. It is worth noting that Figure 3.5 and 
Figure 3.6 illustrate the presence of two loops: an outer loop comprising the 
network with the control (highlighted in yellow) and an inner feedback 
loop corresponding to the controller (highlighted in blue), respectively.  

 
Figure 3.6.: Reduced and simplified Phase Restoring control scheme (PRP) for 

linearization, with inner (control) loop highlighted in blue. 
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According to the control principle, the primary assumptions for the 
linearization of the control are provided by (3.31) and (3.32). Linear 
approximation is performed by utilizing the Taylor series expansion (as in 

(2.8) and (2.9)) about the development point with converter voltage 𝑉̂LG 
with a phase 𝜑0 = 0. The assumed operating point considered is mentioned 
in sub-section 3.2 and is valid for all large resistive load (𝑅 ≥ 1 pu). The 
choice of the dq transformation leads to a negligibly small 𝑉q. The input 

measurement voltage to the control is decomposed in dq domain and 
rotated with the nominal frequency to αβ. Consequently, the dq 
transformation frequency corresponds to 𝜔n.  

𝑣(𝑡) = 𝑉̂e(j𝜔n𝑡) = (𝑉d(𝑡)  j𝑉q(𝑡)) e
(j𝜔n𝑡) (3.31) 

𝑉d(𝑡) ≫ 𝑉q(𝑡) (3.32) 

By linearization of the exponential function e(−j𝜗dr), in Figure 3.6, such that 
𝜗dr  ≪ 1, leads to: 

e(−j𝜗dr) ≈ (1 − j𝜗dr) (3.33) 

Multiplication of the linearized exponential function with the input voltage 
is performed, with the consideration of the initial assumption, 𝑣d(𝑡) ≫
𝑣q(𝑡). Equation (3.35) is derived based on initial condition stated below: 

𝑉d(𝑡) ≅ 𝑉̂LG (3.34) 

𝑧 ≈ 𝑉̂LG  j(𝑉q(𝑡) − 𝑉̂LG ∙ 𝜗dr(𝑡)) (3.35) 

Further linearization of the argument of the resultant complex function 

𝑎𝑟𝑔{𝑧} =  tan−1
Im{𝑧}

Re{𝑧}
 yields: 

𝜃(𝑡) ≈ tan−1 (
𝑉q(𝑡)

𝑉̂LG
− 𝜗dr(𝑡)) (3.36) 

Applying the assumptions of (3.37) to (3.36), (3.38) is achieved. 

𝑉q(𝑡) ≅ 0.0 (3.37) 

𝜃(𝑡) ≈ (
𝑉q(𝑡)

𝑉̂LG
− 𝜗dr(𝑡)) (3.38) 

The inner algebraic control loop in frequency domain is determined by 

multiplying first order system (
−1

(1+𝑠𝑇)
), and the result attained is: 
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𝑌 ≈ −

(
𝑉q(𝑠)

𝑉̂LG
⁄ )

[𝑠𝑇]
 (3.39) 

Further calculating the converter voltage 𝑈(𝑠) as a function of the 
measured input voltage 𝑉(𝑠), the expression derived is: 

𝑈(𝑠) =  𝑉̂LG − j
𝑉q(𝑠)

[𝑠𝑇]
 (3.40) 

A 𝑞 𝑞⁄  controller transfer function is defined for further proceedings, with 
measurement voltage as output and converter voltage as input.  

𝑉̂LG − j
𝑉𝑞
[𝑠𝑇]

→
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
→

𝑉q(𝑠)

𝐼𝑚{𝑈(𝑠)}
 

=
𝑉q(𝑠)

−𝑉q(𝑠)
[𝑠𝑇]
⁄

= −[𝑠𝑇] 
(3.41) 

Comparing (3.39) to (3.41) reveals an inverse relationship, thus indicating 
that the controller’s transfer function corresponds to the inverse of the 
inner loop. This calculation aims to determine the measurement voltage 
𝑉(𝑠), a deemed output quantity. 

The network equations in the Laplace domain for the reduced circuit model 
(as in Figure 3.5) considered for small-signal analysis are denoted by: 

𝑈(𝑠) − 𝐼(𝑠) ∙ 𝑠𝐿 − 𝑉(𝑠) =  0  (3.42) 

𝑉(𝑠) = 𝑅 ∙ 𝐼(𝑠)  (3.43) 

By identifying 𝑈(𝑠) as part of the network and solving the outer algebraic 
network loop for the complete closed-loop solution, the resulting network 
equations in dq frame are shown in equation (3.44). The application of 
frequency shifting property described in Appendix A6 to (3.42) yields the 
network solution in dq frame. 

[
𝑉d(𝑠)

𝑉q(𝑠)
] =  [

−𝑠𝐿 𝜔𝑛𝐿
−𝜔n𝐿 −𝑠𝐿

] [
𝐼d(𝑠)

𝐼q(𝑠)
]  [

𝑈d(𝑠)

𝑈q(𝑠)
] (3.44) 

Substituting the values of 𝑈(𝑠) from (3.40) into the network equations 
(3.44) and solving for 𝑉(𝑠) yields the final solution. On comparing to the 

theory mentioned in Section 2.4.3.2, the Jacobian matrix in (3.45) can be 
inferred. The intermediate steps are as follows: 
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[
𝑉d(𝑠)

𝑉q(𝑠)
] =  [

−𝑠𝐿 𝜔n𝐿
−𝜔n𝐿 −𝑠𝐿

] [
𝐼d(𝑠)

𝐼q(𝑠)
]  [

𝑉̂LG
𝑉q(𝑠)

[𝑠𝑇]
⁄

] (3.45) 

[
1  𝑠𝐿 𝑅⁄

−𝜔n𝐿
𝑅⁄

𝜔n𝐿
𝑅⁄ 1  𝑠𝐿 𝑅⁄  1 [𝑠𝑇]⁄

] [
𝑉d(𝑠)

𝑉q(𝑠)
] = [𝑉̂LG

0
] (3.46) 

The complete solution for the closed-loop system is provided by (3.47) with 
the determinant (det(𝐀)) designated in (3.48). The solution is viable within 
the considered the range of linearization for all 𝑅 ≥  1 pu. 

[
𝑉d(𝑠)

𝑉q(𝑠)
] =  

1

det(𝐀)
[
1  𝑠𝐿 𝑅⁄  1 [𝑠𝑇]⁄

𝜔n𝐿
𝑅⁄

−
𝜔n𝐿

𝑅⁄ 1  𝑠𝐿 𝑅⁄
] [𝑉̂LG
0
] (3.47) 

det(𝐀) = (1  𝑠𝐿 𝑅⁄  1 [𝑠𝑇]⁄ ) (1  𝑠𝐿 𝑅⁄ )  (
𝜔n𝐿

𝑅⁄ )
2

 (3.48) 

In order to draw conclusions, common terms in (3.47) are grouped. The 
resultant is denoted in (3.49) or succinct as in (3.50) with a rearranged 
determinant in (3.51). 

[
𝑉d(𝑠)

𝑉q(𝑠)
] =  

[𝑠𝑇]

det(𝐀)
[
1  𝑠𝐿 𝑅⁄  1 [𝑠𝑇]⁄

𝜔n𝐿
𝑅⁄

−
𝜔n𝐿

𝑅⁄ 1  𝑠𝐿 𝑅⁄
] [𝑉̂LG
0
] (3.49) 

[
𝑉d(𝑠)

𝑉q(𝑠)
] =  

−(𝐸𝑞. (3.41))

det(𝐀)
[
1  𝑠𝐿 𝑅⁄  1 [𝑠𝑇]⁄

𝜔n𝐿
𝑅⁄

−
𝜔n𝐿

𝑅⁄ 1  𝑠𝐿 𝑅⁄
] [𝑉̂LG
0
] (3.50) 

det(𝐀) =  [𝑠𝑇] [(1  𝑠𝐿 𝑅⁄ )
2
 (
𝜔n𝐿

𝑅⁄ )
2

]  (1  𝑠𝐿 𝑅⁄ ) (3.51) 

Substituting 𝑠 = 0 under steady-state (as in Appendix A6), in (3.47) and 
solving for voltages, gives: 

[
𝑉d(0)

𝑉q(0)
] =  [

1 0
0 0

] [𝑉̂LG
0
] (3.52) 
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Remark: From (3.52) it is inferred that the Phase Restoring Principle (PRP) 
is valid at the nominal frequency (which corresponds to 0 frequency in dq 
domain). The measurement voltage 𝑉(𝑠) is constant and, therefore, 
independent of the network elements, leading to a constant phase in the 
voltage 𝑉(0). 

A significant conclusion from this section pertains to (3.41), which shows 
that the controller transfer function corresponds to an integrator. This 
integrator is responsible for achieving the operating point and, thus, the 
solution on the circle, as shown in Figure 3.4. Furthermore, the solution in 
(3.50) demonstrates the presence of integrator action. These deductions 
further help to confirm and provide visual support for the findings 
presented in Section 4.2 [29]. 

3.3.2 General solution in frequency domain  

The small-signal solution evidenced in sub-section 3.3.1 is applicable only 
within the linearization range for all 𝑅 ≥ 1 pu. Therefore, the validity of the 
solution is restricted to load models at PCC with sufficiently large ‘𝑅’ values 
that correspond to small phase conditions. A general small signal solution 
is derived by extending the restricted solution to all network loading 
conditions. This enables to incorporate arbitrary phase conditions with no 
constraints on the load (𝑅).  

A q/q controller transfer function (3.41) is obtained through the 
linearization technique during the small-signal analysis. This transfer 
function approximates the phase/phase equivalent for small values. The 
evaluation is valid since the quadrature component of the voltage (𝑉q) is 

comparable to the argument of the voltage, only under the range of 
linearization. This is further discussed with simulations in Section 4.2. 

The complete solution can be separated into the network solution and the 
control solution. The reduced-order network shown in Figure 3.5 is used in 
conjunction with the linearized full control model in dq representation. 
The control loop shown in Figure 3.7 (in blue) is analyzed for the general 
solution, intentionally ignoring active power control (APC). It is to be 
noted that small-signal stability is marginally affected due to the choice of 
gain parameters.  

Assumption 1: The network equations in Laplace domain for the reduced 
circuit model for small-signal analysis are presented in (3.42) and (3.43).The 
equations are identical to the previous sub-section for small-signal analysis. 
Application of frequency shifting property (Appendix A6) to (3.42) yields 
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the following network solution in dq frame, expressed in terms of 𝑈(𝑠). 

𝑈(𝑠) = 𝑉(𝑠) [1  
𝐿

𝑅
∙ (𝑠  j ∙ 𝜔)] (3.53) 

Assumption 2: As mentioned in Section 2.4.3.2, linearization is performed 
around the development point. The control operating point is obtained by 

applying the stated development points with |𝑉̂| = 𝑉̂LG = 1 pu and phase 

𝜑0 = 0, as cited in Section 3.2. The result is presented in (3.54). However, 
for the general solution the measured voltage is decomposed into a 
constant and small variation (∆) component. In PRP, linearization is 
performed for steady-state operation under the conditions 𝑉q ≈ 0 and 

∆𝑉d ≈ 0. Based on the assumptions cited in (3.54) and on further 
simplification based on complex number theory [132], leads to (3.55). 

𝑉(𝑠) =  𝑉d(𝑠)  j ∙ 𝑉q(𝑠) = (𝑉d  ∆𝑉d)(𝑠)  j ∙ (𝑉q  ∆𝑉q)(𝑠) 

= 𝑉d(𝑠)  j ∙ ∆𝑉𝑞(𝑠) ≈ 𝑉d(𝑠) ∙ e
(j∙∆𝜑)  (3.54) 

∆𝑉q(𝑠) ≈ 𝑉d(𝑠) ∙ ∆𝜑  (3.55) 

Generalized Proof: To compute the general solution, the measurement 
voltage is expressed as an expansion around the development point or 
steady-state phase 𝜑 and the small-signal component ∆𝜑 as shown in: 

Using the block diagram shown in Figure 3.7 and expressing the converter 
voltage 𝑈(𝑠) in terms of measured voltage 𝑉(𝑠), (3.57) is obtained. The 

general arbitrary phase of the converter voltage is expanded around the 
steady-state operating point or load flow phase, (𝜗  𝜑 ) with a small-signal 
deviation of ∆𝜗.  

𝑈(𝑠) =  𝑉̂LGe
j∙(𝜗+∆𝜗+𝜑) (3.57) 

 

Figure 3.7.: Reduced order Phase Restoring control scheme (PRP) in dq domain for 
linearization marked in blue. 

𝑉(𝑠) = |𝑉̂|ej∙(𝜑+∆𝜑) = |𝑉̂|ej∙𝜑ej∙∆𝜑  (3.56) 

 
 

 

 nitial 
condition

 

 

 requency 
reference

Phase restoring angle = (



3.3 Small-signal stability analysis 

79 

The solution of the inner feedback loop in the control (marked blue) is 
given by (𝜗  ∆𝜗  𝜑), where the input voltage phase is (𝜑  ∆𝜑). Solving 
the control feedback loop under the condition, where the voltage source 
input is equal to the transformed measured phase, results into: 

The negative input phase in the transformation is a result of the feedback 
in the control. Simplifying (3.58) provides: 

𝜗  ∆𝜗  𝜑 = {𝜑  ∆𝜑 − ∆𝜗 − 𝜗 − 𝜑} ∙
−1

(1  𝑠𝑇2)
 (3.59) 

Assessing steady-state frequency by rearranging and first evaluating 
constant terms with 𝑠 = 0 in dq domain as in (3.59), below is attained: 

𝜗  𝜑 = −(𝜑 − 𝜗 − 𝜑)  

⇒  𝜑 = 0 (𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) 
(3.60) 

Therefore, setting 𝑠 = 0 implies 𝜑 = 0, but the differentiator is a surjection 
and any constant 𝜑 yields a solution. Thus, with 𝜑 as arbitrary constant 
𝑓: 𝜕𝜑 → 0. Examining the rest of the terms in (3.59), including the change 
in phase (∆ terms). Discarding contributions from constant phase terms (as 
constant 𝜑 and 𝜗 cancelled by the differentiator) in (3.59) obtains: 

∆𝜗 =  −(∆𝜑 − ∆𝜗) ∙
1

(1  𝑠𝑇2)
 (3.61) 

On solving for ∆𝜗, the solution achieved is: 

∆𝜗 =  −
∆𝜑

(𝑠𝑇2)
 (3.62) 

where, ∆𝜗 is the small-signal variation in the feedback loop. 

As mentioned above, the input measurement phase is decomposed into 
two parts consisting of 𝜑 or the load flow phase and ∆𝜑 the small change 
in phase such that ∆𝜑 ≈ 0. Linearizing the input voltage signal in (3.56) 
around 𝜑, results in: 

𝑉(𝑠) ≈ (1  j ∙ ∆𝜑) ∙ |𝑉̂|ej∙𝜑 (3.63) 

𝜗  ∆𝜗  𝜑 = {(𝜑  ∆𝜑) − ∆𝜗 − (𝜗  𝜑)} ∙ (𝑠𝑇1) ∙
1

(1  𝑠𝑇2)

∙ (−1 ∙
1

(𝑠𝑇1)
) 

 

 

(3.58) Input Phase 

Transformed Measured Phase 



3 Grid-Forming control based on Phase Restoring Principle 

80    

𝑈(𝑠) or (3.57) is linearized around ∆𝜗 to attain: 

𝑈(𝑠) ≈ 𝑉̂LGe
j∙(𝜗+𝜑) ∙ (1  j ∙ ∆𝜗) (3.64) 

Substituting ∆𝜗 from (3.62) in the linearized solution (3.64), the following 
is deduced: 

𝑈(𝑠) ≈ 𝑉̂LGe
j∙(𝜗+𝜑) ∙ (1 − j ∙

∆𝜑

(𝑠𝑇2)
) (3.65) 

By equating network solution in (3.53) to the solution in (3.65), and 
substituting the linearized solution for 𝑉 (𝑠) from (3.63) leads to: 

|𝑉̂|ej∙𝜑 ∙ (1  j ∙ ∆𝜑) [1  
𝐿

𝑅
(𝑠  j ∙ 𝜔n)]

=  𝑉̂LGe
j∙(𝜗+𝜑) ∙ (1 − j ∙

∆𝜑

(𝑠𝑇2)
) 

(3.66) 

Equation (3.66) represents the general network solution valid in steady-
state (load flow) conditions. It is derived from (3.53) and (3.57). By applying 
the property of equality to the constant terms, as per the ∆𝜑-independent 
terms of (3.66), (3.67) must hold true. 

|𝑉̂|ej∙𝜑 [1  
𝐿

𝑅
(𝑠  j ∙ 𝜔n)] =  𝑉̂LGe

j∙(𝜗+𝜑) (3.67) 

Equating remaining ∆𝜑-dependent terms of (3.66), by taking into account 
the deduction in (3.67), the solution arrived at is: 

∆𝜑 = −
∆𝜑

(𝑠𝑇2)
 (3.68) 

and hence we can conclude: 

∆𝜑 = 0 (3.69) 

Inference: In (3.69), it is established that decomposing the arbitrary 
measurement phase into its constant and small variable components 
results in ∆𝜑 being zero for steady-state, corresponding to 𝑠 = 0 (in dq 
frame). As derived in (3.60), the constant phase contribution is zero in PRP 
control scheme. This demonstrates the validity of linearizing the solution 
around zero (small phases) and thus proved for arbitrary 𝜑. The general 
solution given in (3.66) holds for all values of 𝑅 > 0 (independent of 
network loading). The linearized model for small-signal with arbitrary 𝑅 
values representing the load at the P  , displays the control’s steady-state 
behavior in achieving arbitrary demands at the network and therefore 
exhibits global stability [30]. 
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The general solution confirms the PRP control’s stable performance 
independent of network loading conditions (𝑅 or 𝑋L). It validates the 
linearization assumption around small phases or zero value to obtain 
negligibly small 𝑉q with respect to the dq-frame of the network. The 

mathematical structure is simpler since the ansatz completely reflects the 
system property: namely the PRP is a rotation. 

3.4 Extension via active power control  

The drift frequency ( dr or 𝜔dr) determined by PRP without active power 
control (APC) established zero deviation through the controller’s actions 
relying on unlimited current. As discussed in Section 3.1, frequency is a 
global attribute (𝑓 or 𝜔) only if a steady-state is reached (Fourier analysis). 
The APC loop is integrated into the PRP control structure to adjust the 
frequency in response to changes in the setpoint. It corresponds to the 
steady-state aspect of 𝜔𝑑𝑟 as mentioned in Section 3.1. The PRP serves as 
the foundational building block and is fully GFM, with the power control 
dynamics enforced on top of it.  

As depicted in Figure 3.8, the modified block diagram highlights the APC 

in green. Here, 𝑆n = 3 ∙ 𝑉RMS ∙ 𝐼RMS = 1.5 ∙ 𝑉̂LG ∙ 𝐼n, where 𝑉̂LG is nominal 

peak voltage (line-to-ground) and 𝐼n is nominal peak current. The inputs 
to the control logic are measured values obtained from the power system. 

The initial conditions are maintained constant until the control is released. 
The APC is implemented as a proportional-integral (PI) control with a 
constant gain 𝐾3, and an integral component to minimize the difference 
with the setpoint value. The PI block input is subtracted and the argument 

of the complex input voltage (𝑧 =   e{𝑧}    {𝑧} = |𝑧|𝑒j𝑎𝑟𝑔{𝑧}) obtained in 

the new coordinate system is used as an input to the differentiator. The 
output value is smoothed by a 1𝑠𝑡 order delay, which forms the drift 

frequency 
𝜔dr

𝜔n
 in pu, serving as input to the integrator. The integrator uses 

an arbitrary reference frequency (initial condition) to compute the linear 
part of the transformation angle or Phase Restoring angle over the control 
feedback, described in Section 3.1.  he control’s steady-state achievement 
with reference changes is verified through simulation in Section 4.3 using 
analytical solution derived here. This section examines the effects of 
setpoint changes and impedances on 𝜔𝑑𝑟 in a single and double converter 
configuration. The unique operating range under regular conditions is 
determined. Additionally, adaptations to the APC for varied network 
loading conditions and faster response time are derived in Section 3.4.3. 
and establishes Phase 2 of the control. 
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3.4.1 Mathematical deduction of single converter 
configuration 

The single converter test setup, featuring the PRP control with APC, is 
depicted and highlighted in grey in Figure 3.9. The test setup is based on 
the previously evaluated single converter-ohmic-inductive network 
configuration, which is used to demonstrate the global stability conditions 
of the PRP control. The setup includes a source with coupling and 
transformer impedances (𝑋C and 𝑋T), an intermediate measurement node 
(MEAS), and a load dynamically connected, as an event, at the PCC. The 
network configuration provides again a stable solution for the controller 
under the conditions outlined in Table 3.1 as demonstrated in Section 3.2.  

This network scenario encompasses all possible ranges of applicability of 
the PRP control scheme and its boundary conditions. The test setup 
characterizes the inductive behavior under weak grid conditions (𝑋N > 𝑋C). 
𝑋C represents 10 % nominal impedance, where the nominal impedance is 

given by 
(𝑉n)

2

𝑆n
 with 1 MVA machine base (𝑆n). The typical range of 𝑋C is 

between 6 % to 15 % of nominal impedance. The globally stable network 
in Table 3.1 is based on Section 3.2. The parameters may be configured as a 
single or two-source network described in Figure 3.9. The control stability 
margin increases with higher resistance in a passive network. 

 

Figure 3.9: Test bench for single and double converter configurations. 
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To determine an operating point, it is necessary to specify two unknown 
variables, namely the drift frequency (𝑓dr or 𝜔dr) and active power (𝑃m). As 
a result, two equations are developed for deducing the solution for the 
operating point. In a steady-state condition, the PRP feedback loop 
generates a phase contribution, which is added to the output of the APC 
loop. The solution for the APC loop is described in (3.70), and disregards 
the smoothing time constant 𝑇2 =  0.01  ec as it does not impact the 
steady-state (𝑠 = 0) and filters the drift frequency (𝐹dr). The active 
reference power (𝑃ref) is also a parameter. 

𝐹dr
𝐹n
= −

(𝑃ref − 𝑃m)

𝑆n
∙ (𝐾3  

1

𝑠𝑇3
) ∙ (𝑠 ∙ 𝑇1) (3.70) 

The time constants 𝑇1 = 1 50⁄  and 𝑇3 = 1.0 are in seconds. On simplifying 
(3.70), the control gain 𝐾1 and 𝐾3 = 1, were substituted to derive the 
complete steady-state control solution. The differentiation of a constant is 
zero and thus 𝐾3 does not contribute to steady-state similar to PRP 
feedback phase. The solution is normalized in terms of angular frequency, 
and converter power rating, which results in the final solution represented 
in (3.71) and compliant with Figure 3.8. Normalization expresses equations 
in terms of pu. 

𝜔dr = 2𝜋 ∙ 𝐹dr = −(
𝑇1
𝑇3
) ∙ (𝑃ref − 𝑃m) ∙ (

𝜔n
𝑆n
) (3.71) 

where, 𝑆n signifies the rating of the converter. Here, 𝑆n = 1.5 ∙ 𝑉̂LG ∙ 𝐼n, 

where 𝑉̂LG is the peak voltage line-to-ground and 𝐼n is the peak current. 

As indicated by (3.71), it is inferred that 𝑓dr (𝜔dr) is proportional to 𝑃m. By 
solving (3.71) in terms of 𝑃m and expressing in pu, it culminates in: 

𝑃m
𝑆n
=
𝑃ref
𝑆n
  
𝜔dr
𝜔n

∙
𝑇3
𝑇1

 (3.72) 

Table 3.1: Network (Figure 3.9) condition and parameter considered [29]. 

Network condition 𝑋T = 𝑋C, 𝑋N > 𝑋C, 𝑅 >  𝑋C 

Parameter Value 

𝑋C 0.1 

𝑋T 0.1 

𝑋N 10 × 𝑋c 

𝑅 10 × 𝑋c 
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The control is evaluated in the inductive network depicted in Figure 3.9. 
Evaluating 𝑃m as the steady-state solution of the network, (3.73) is obtained. 
Constant magnitude is prescribed by the voltage source. 

𝑃m = 1.5 ∙  e{𝑉̂ ∙ 𝐼
∗} = 1.5 ∙  𝑉̂ ∙ (

𝑉̂
𝑅
⁄ )

∗

= 
𝑉LL

2

𝑅
 (3.73) 

By utilizing the general solution presented in Section 3.3.2 and equating 

(3.53) and (3.57), voltage 𝑉̂ is derived. Here, 𝑉̂LG =
√2.𝑉n

√3
. This yields (3.74) 

as converter’s power contribution at steady-state (i.e., 𝛥𝜑 = 0). The total 
inductance (𝐿) includes the coupling (𝐿C) and transformer (𝐿T) inductance.  

𝑉̂ =
√2

√3
 

𝑉n e
j∙𝜗

[1  
𝐿
𝑅
∙ (𝑠  j ∙ 𝜔)]

 (3.74) 

Substituting the value for 𝑉̂ from (3.74) in (3.73) gives: 

𝑃m =
𝑉ne

j∙𝜗

[1  
𝐿
𝑅 ∙ (𝑠  j ∙ 𝜔)]

∙
𝑉ne

−j∙𝜗

[1  
𝐿
𝑅
∙ (𝑠  j ∙ 𝜔)]

∗ ∙
1

𝑅
 (3.75) 

Under steady-state consideration 𝑠 = 0 (in dq frame as described in 
Appendix A6), with a transformation frequency 𝜔 = 𝜔n −𝜔dr, 
simplification of (3.75), results in (3.76). Equation (3.77) is the per-unitized 
form of (3.76), similar to (3.72). 

𝑃m =
𝑉n
2

[1  {(𝜔n −𝜔dr)
2 ∙ (

𝐿
𝑅)

2

}]

 ∙
1

𝑅
 (3.76) 

𝑃m
𝑆n
=

𝑉n
2

[1  {(1 −
𝜔dr
𝜔n
)2 ∙ (

𝜔n𝐿
𝑅
)
2

}]

 ∙
1

𝑅
∙
1

𝑆n
 

(3.77) 

Inference and remark: Both (3.72) and (3.77) are in pu and provide 
expressions in terms of 𝑃m and 𝜔dr. Equation (3.72) geometrically 
represents a line equation independent of the absolute phase. The solution 
to these equations is defined by the intersection of the line (3.72) with (3.77) 
which illustrates the steady-state solution (operating point) of the 
proposed PRP with APC scheme in the considered network. Figure 3.10 (a) 
illustrates this solution at 𝑃ref = 0 with the resulting measured power 𝑃m 
and drift frequency 𝜔𝑑𝑟. The internal control 𝜔dr is defined as the negative 
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deviation of the power system frequency (𝜔) from the nominal frequency 
(𝜔n), i.e., 𝜔dr = −∆𝜔 = −(𝜔 − 𝜔n), as exhibited in the simulation result 
Figure 4.10 (c). This phenomenon is attributed to the novel transformation 
block 𝜌𝑑𝑟𝜄𝑑𝑟 in the scheme counteracting to the event and shifting the 
transient frequency drift from power system to control as explained in 
Section 3.1. Hence, the slope in Figure 3.10 (a) is negative when displayed 
against ∆𝜔 and is positive when plotted against 𝜔dr. 

Simulation is utilized to verify the analytical results, which are presented 
in Table 4.6 under Section 4.3.1. Figure 3.10 (b) illustrates the reference 
values (𝑃ref) and its corresponding network load R and 𝜔dr. The solutions 
from (3.72) and (3.77) depicted in Figure 3.10 (b) are unique, within the 

regular operating ranges with ∆|𝑉̂| < 0.1 pu of V̂LG (≤  150% ∙ 𝐼n). In power 

system dynamics, small values of 𝑅 or 𝑋 = 𝑅 (optimum adjustment) result 

in high current solutions (ca. >  5 𝐼n), which necessitate the capability for 
current limitation in control. As a result, solutions that are irregular in 
relation to these values of load are disregarded in this context (marked red 
in Figure 3.10 (b)). The necessary measures for implementation of current 
limitation are covered in sub-section 3.5. 

3.4.2 Mathematical deduction of two converter configuration 

This section provides a detailed examination of the theoretical implications 
of arbitrary reference values and power balance conditions in the context 
of two converter configurations. Equation (3.71) in sub-section 3.4 

 
Figure 3.10:  
(a) Steady-state solution of single converter in terms of 𝑃m and 𝜔dr, with 𝑃ref = 0.0 pu; 
(b) Steady-state solution plane dependent on network conditions (𝑅) and operating ranges 
(𝑃ref) (from equations (3.72) and (3.77)). 
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establishes a proportionality between drift frequency (𝜔dr) and active 
power (𝑃m) for a single converter. This association is expanded to 
encompass two converters utilizing PRP with active power control. A star 
topology is examined to establish the power distribution among multiple 
converter sources. Figure 3.9 illustrates the network configuration, which 
includes two converters and power measurements, denoted as 𝑃1m ≡ 𝑃1 
and 𝑃2m ≡ 𝑃2. The control parameters are consistent with mentioned 
values in sub-section 3.4.1 and Figure 3.8. Three unknowns (𝜔dr, 𝑃1 ,  𝑃2) 
must be determined to achieve a steady-state operating point, which 
requires the derivation and resolution of three equations similar to sub-
section 3.4.1. From (3.71), a single converter solution, leads to the inference:  

𝜔𝑑𝑟 ∝ (𝑃ref − 𝑃m) (3.78) 

Therefore, by the law of ‘direct proportionality’, a non-zero constant ‘𝑐’ 
exists. Equations (3.79) and (3.80) are derived from this principle given in 
(3.78), where ‘𝑐’ is weighted gain or power-frequency droop in the control. 

𝜔𝑑𝑟 = −𝑐(𝑃ref1 − 𝑃1) (3.79) 

𝜔𝑑𝑟 = −𝑐(𝑃ref2 − 𝑃2) (3.80) 

The network solution for two converters is computed utilizing the 
‘Superposition theorem’ [133, 134]. Equation (3.81) presents the general 
solution, which is a combination of intermediate solutions represented by 

𝑉̂C1 and 𝑉̂C2. It is structurally similar to (3.74) under steady-state conditions 
with 𝑠 variable as described in Appendix A6.  

𝑉̂ =  
𝑉̂C1𝐿2  𝑉̂C2𝐿1
𝐿1  𝐿2

∙
1

1  
(𝑠  j ∙ 𝜔) ∙ 𝐿1𝐿2
(𝐿1  𝐿2)𝑅

 (3.81) 

The control response is inspected by calculating the common-mode and 
differential-mode voltage signals, as derived from (3.79) and (3.80), the 
common-mode and differential-mode are calculated to inspect the control 
response. Common-mode voltage signals represent the common or average 
input to the two voltage sources, whereas differential-mode voltage signal 
represents the difference between the two [135, 136]. Equations (3.82) to 
(3.85) are derived to further facilitate the calculations, taking into account 

the converter voltage magnitude with  𝑉̂LG = √2 ∙ 𝑉n √3⁄ .  

𝑉̂C1 =
√2 ∙ 𝑉n

√3
ej∙𝜑1 (3.82) 𝑉̂C2 =

√2 ∙ 𝑉n

√3
ej∙𝜑2 (3.83) 

𝜑 = 𝜑1  𝜑2 (3.84) ∆𝜑 = 𝜑1 − 𝜑2 (3.85) 
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The phase 𝜑1 is obtained by adding (3.84) and (3.85) as sum of common-
mode and differential-mode. Similarly, subtracting (3.84) and (3.85) results 
in 𝜑2. The calculated phase values of 𝜑1 and 𝜑2 are substituted in (3.82) 
and (3.83). By utilizing the updated equations and substituting the values 

of 𝑉̂𝐶1and 𝑉̂𝐶2 in (3.81), the following equation is arrived: 

𝑉̂ =  
√2 ∙ 𝑉n

√3
ej∙𝜑0 ∙

e
j∙(
∆𝜑

2⁄ ) ∙ 𝐿2  e
j∙(
−∆𝜑

2⁄ ) ∙ 𝐿1
𝐿1  𝐿2

∙
1

1  (𝑠  j ∙ 𝜔)𝜏
 (3.86) 

where 𝜑0 =
𝜑
2⁄ , and 𝜏 =

𝐿

𝑅
= 

𝐿1∥𝐿2

𝑅
= 

𝐿1.𝐿2
[(𝐿1+𝐿2)∙𝑅]

  

The total power contribution at PCC is ascertained by 𝑃 = 1.5 ∙  e{𝑉̂ ∙ 𝐼∗}. 

Substituting the value of voltage gained in (3.86) and solving for the total 
power contribution or common-mode (𝑃1  𝑃2 =  𝑃), results in: 

𝑃1  𝑃2  =  
𝑉n
2

𝑅
∙ {
𝐿1
2  𝐿2

2  2 ∙ 𝐿1𝐿2 ∙ c  [∆𝜑]

(𝐿1  𝐿2)
2 } ∙

1

1  (𝜔𝜏)2
 (3.87) 

where, 𝜔 = (𝜔n −𝜔dr). 

The differential-mode power is computed by utilizing the principle of 
superposition to calculate the branch currents. These currents aid in the 
evaluation of the differential-mode power. The current response in each 
branch is represented by the following equations: 

𝐼1 =
𝑅 ∙ (𝑉̂C1 − 𝑉C2)  𝑉̂C1 ∙ (𝑠  j ∙ 𝜔)𝐿2

(𝑠  j ∙ 𝜔)2 ∙ 𝐿1𝐿2  (𝑠  j𝜔)(𝐿1  𝐿2) ∙ 𝑅
 (3.88) 

𝐼2 =
𝑅. (𝑉̂C2 − 𝑉C1)  𝑉̂C2 ∙ (𝑠  j ∙ 𝜔)𝐿1

(𝑠  j ∙ 𝜔)2 ∙ 𝐿1𝐿2  (𝑠  j𝜔)(𝐿1  𝐿2) ∙ 𝑅
 (3.89) 

The differential-mode or difference of power between the two sources. is 
represented by (3.90). It is important to note that only the real part is taken 
into consideration, as setpoint modifications impact active power values. 

𝑃1 − 𝑃2  =  e{𝑆1 − 𝑆2} =  1.5 ∙  e{𝑉̂C1 ∙ 𝐼1
∗
− 𝑉̂C2 ∙ 𝐼2

∗
} (3.90) 

The solution for the differential-mode is represented by (3.91), which is 
obtained by substituting voltage from (3.82) and (3.83) while currents from 
(3.88) and (3.89), into (3.90). The term ‘𝑆’ represents the complex power. 

∆𝑃 = 
𝑉n
2

𝑅
∙
{(
(𝐿2 − 𝐿1)
(𝐿1  𝐿2)

)   (
𝑅

𝜔 ∙ (𝐿1  𝐿2)
∙ 2  in[∆𝜑])}

(1  (𝜔𝜏)2)
 

(3.91) 

where, 𝜔 = (𝜔n −𝜔dr). 
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Equation (3.87) is in terms of cosine function while (3.91) is in terms of sine 
function. Further simplifying the two equations to obtain known 
trigonometric identities. Hence, considering common-mode and adding 
(3.79) and (3.80), the resultant is: 

(𝑃1  𝑃2) = (𝑃ref1  𝑃ref2)  2 ∙ 𝑐
′ ∙ 𝜔dr (3.92) 

 he value of ‘𝑐’ in (3.79) and (3.80), is derived from (3.71).  ts reciprocal ‘𝑐′’ 
is calculated in (3.93) and is subsequently substituted into (3.92). 

𝑐′ =
1

𝑐
=  
𝑆n
𝜔n
∙
𝑇3
𝑇1

 (3.93) 

The equations (3.87) and (3.92) are equated, and the resultant is solved for 
c  [∆𝜑], leading to: 

c  [∆𝜑] = 

{
(𝑃ref1  𝑃ref2  2 ∙ 𝑐

′ ∙ 𝜔dr) ∙ (
𝑅

𝑉n
2)

∙ (𝐿1  𝐿2)
2 ∙ (1   [(𝜔n −𝜔dr) ∙ 𝜏]

2) − 𝐿1
2 − 𝐿2

2

}

(2 ∙ 𝐿1 ∙ 𝐿2)
 

(3.94) 

For calculating differential-mode in (3.95), (3.79) is subtracted from (3.80). 

𝑃1 − 𝑃2 = 𝑃ref1 − 𝑃ref2 (3.95) 

Equating (3.91) and (3.95), for solving  in[∆𝜑], the outcome is: 

 in[∆𝜑]

=  

 

{(𝑃ref1 − 𝑃ref2) ∙ (
𝑅

𝑉n
2) ∙ {1   [(𝜔n − 𝜔dr) ∙ 𝜏]

2} − [
(𝐿2 − 𝐿1)
(𝐿2  𝐿1)

]}

∙ [(𝜔n −𝜔dr) ∙ (𝐿1  𝐿2)]

(2 ∙ 𝑅)

 
(3.96) 

The network solution in terms of a 𝜔dr is determined by utilizing 
trigonometric identity (3.97) in (3.94) and (3.96). The above equations are 
derived under the assumption of constant voltage magnitude. 

𝑐𝑜𝑠2[∆𝜑]  𝑠𝑖𝑛2[∆𝜑] = 1 (3.97) 

When considering symmetrical network elements (𝐿1 = 𝐿2 = 𝐿 ⟹ 𝜏 =

 
𝐿

2∙𝑅
), equation (3.94) and (3.96) maybe further simplified. The validity of  
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(3.94) and (3.96) in terms of (3.97) is verified simulatively and the results 
are listed in Table 4.7 of Section 4.3.2.  

Remark: The equations presented demonstrate that the power flow 
solution depends on the phase difference rather than on the absolute phase 
of the source voltage. The drift frequency 𝜔dr is defined by common-mode 
power and is characterized by a power-frequency droop ‘𝑐’. The power 
dispatch is adjusted by the differential-mode power, which is obtained 
through dissimilar reference powers (𝑃ref) [30].  

3.4.3 Self-stabilizing setpoint via droop 

The APC response is based on fixed setpoint values. It is not practical as the 
arbitrary setpoint is unknown to the power system operator to reach an 
asymptotic stable operating point (defined in Section 2.4.1). Therefore, an 
additional power-frequency droop via 𝐾2 is incorporated into the APC to 
create an auto-adjustable and self-stabilizing response of the control to the 
power system. 

It covers a wide range of network loading conditions indicated by the EMT 
domain investigations in Section 4.3.3. Via this droop, the complete control 
response is adjusted to increase the reference value further in case of load 
increase.  hus, pushing additional active power during the disturbance’s 
transient phase and lowering the frequency or phase difference towards the 
nominal value. The droop 𝐾2 is supplemented to the APC loop, and the 
modified block diagram is seen in Figure 3.11. This completes Phase 2 of the 
control development.  

Modifying the original APC equations ((3.70) to (3.72)), in sub-section 3.4.1 
by incorporating the additional power-frequency droop (𝐾2). The updated 
control solution in pu is (3.101), with intermediated steps emphasized from 
(3.98) to (3.100) The parameters of the complete APC are in Table 3.2.  

Table 3.2: Complete parameter set of the active power frequency droop control. 

Parameter Unit Value 

𝐾1 pu 1.0 

𝐾2 pu 0.25 × 50 

𝐾3 pu 1.0 

𝑇1 sec 1.0
(50 × 2𝜋)⁄  

𝑇3 sec 1.0 2𝜋⁄  

𝑇2 sec 0.01 



3.4 Extension via active power control 

91 

 

F
ig

u
re

 3
.1

1:
 M

o
d

if
ie

d
 B

lo
ck

 d
ia

g
ra

m
 o

f 
th

e 
P

h
as

e 
R

es
to

ri
n

g
 P

ri
n

ci
p

le
 (

P
R

P
) 

w
it

h
 a

ct
iv

e 
p

o
w

er
 c

o
n

tr
o

l 
(A

P
C

) 
co

n
si

d
er

in
g 

se
lf

-s
ta

b
il

iz
in

g
 

d
ro

o
p

 𝐾
2
 (

in
 g

re
e

n
) 
–

 P
h

a
se

 2
. 

  
 

 n
it
ia
  

c 
n
d
it
i 
n
  
  

in
te
gr
at
 
r

  

 
1

 
2

 
3

 
 
 

 
 
 
p
en
 a
ti
 
n

 
 
 

 
 
 
p
en
 a
ti
 
n

S
 
 

 
1

 
2

 
3

S
 
 

S
 
 

S
 
 

 
1

 
2

 
3

S
 
 

S
 
 



3 Grid-Forming control based on Phase Restoring Principle 

92    

The network solution remains unchanged as derived in (3.77). 

𝐹dr
𝐹n
= −(

𝑃ref − 𝑃m
𝑆n

 𝐾2 ∙
𝐹dr
𝐹n
) . (𝐾3  

1

𝑠𝑇3
) . (𝑠 ∙ 𝑇1) (3.98) 

𝐹dr
𝐹n
= −(

𝑃ref − 𝑃m
𝑆n

 𝐾2 ∙
𝐹dr
𝐹n
) ∙ (

𝑇1
𝑇3
) (3.99) 

𝐹dr
𝐹n
∙ (1  𝐾2 ∙

𝑇1
𝑇3
) = −(

𝑇1
𝑇3
) ∙ (

𝑃ref − 𝑃m
𝑆n

) (3.100) 

𝑃m
𝑆n
=
𝑃ref
𝑆n
  
𝜔𝑑𝑟
𝜔n

∙ (
𝑇3
𝑇1
 𝐾2) (3.101) 

Remark: Similar to (3.72) and (3.77) in sub-section 3.4.1, (3.101) is in terms 
of 𝑃m and 𝜔dr. The solution to these equations is defined by the intersection 
of the lines (Figure 3.12), which display the steady-state solution (operating 
point) of the proposed control PRP with APC incorporating additional self-
stabilizing droop 𝐾2. Figure 3.12 displays the intersection shift closer to 
nominal frequency when accounting for 𝐾2. The parameter 𝑃𝑚 in constant, 
and the small difference is due to numerical error. 

Similarly, for the two converter configuration (sub-section 3.4.2), only ‘𝑐’ or 
the weighted gain in the control needs to be modified to (3.102) and its 
reciprocal is (3.103). All the other equations derived in sub-section 3.4.2 
remain unaltered. 

 
Figure 3.12: Comparison of steady-state solution of single converter in terms of 𝑃mand 𝜔dr 

with and without self-stabilizing droop 𝐾2 and 𝑃ref = 0.0 pu. 

    

   
 

(0.01 2, 0.  2)

(0.0154, 0.  17)
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𝑐 =  
𝜔n
𝑆n
.
𝑇1
𝑇3
∙ (1  𝐾2 ∙

𝑇1
𝑇3
)
−1

 (3.102) 

𝑐′ =
1

𝑐
=  
𝑆n
𝜔n
.
𝑇3
𝑇1
∙ (1  𝐾2 ∙

𝑇1
𝑇3
) (3.103) 

Equation (3.97) utilizing (3.94) and (3.96) is solved to determine 𝜔dr under 
the selected 𝑃ref values. The value of the reciprocal ‘𝑐′’ is replaced with 
(3.103). Similarly, 𝜔dr is calculated employing (3.101) and (3.77), displayed 
in Figure 3.12 and cross-checked simulatively in Section 4.3.3. The modified 
equations for single and two converters incorporating self-stabilizing droop 
𝐾2 are verified simulatively in both EMT and phasor (RMS) domains. 
Additionally, the two-converter configuration (Figure 3.9) is simulated 
under a wide range of impedance values to display the response of the 
modified control (Figure 3.11) under different loading (𝑍) conditions and 
exhibited in Section 4.3.3. 

3.5 Current limiting control method under symmetrical 
disturbances 

Limiting the converter current magnitude is relatively simple, but 
maintaining stability and exiting the current limiting mode is challenging. 
A less complex and elegant current limitation methodology in the GFM 
converter is to consider implementing a simple saturation block and 
maintaining its original control strategy. Power and voltage amplitude are 
the reference values to be included in the GFM converter control. A 
successful current limiting technique should restrict the power and voltage 
amplitude to maintain stable synchronization and simultaneously curtail 
the current. However, it should be noted that limiting the power also limits 
the voltage phase angle [62]. Examining the discussion above and based on 
known current limiting methodologies, an effective current limitation 
approach by voltage magnitude adjustment is proposed. The proposed 
approach creates higher transient peak current demand to stabilize the 
power system. The Phase 2 control is extended to implement this current 
limiting strategy. This is the last phase of control development, named 
Phase 3, illustrated in Figure 3.13.  

The method realized is based on the voltage limiter concepts discussed in 
Section 2.2, with additional trigger level selections corresponding to the 
current limits defined for different grid conditions. The objective of the 
voltage limiter is to limit the current magnitude. By allowing the current to 
be controlled and eventually fixed at PCC, the converter output voltage  
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Figure 3.13: PRP scheme including modified APC and current limit control – Phase 3. 
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changes accordingly. Conversely, if the converter output voltage is actively 
controlled and held constant, the resultant current automatically changes 
to the desired value. 

The parameters for the block diagram in Figure 3.13 are listed in Table 3.3. 
In the proposed control, instantaneous three-phase currents are utilized to 
determine the violation of current limits. These currents are compared 
against two trigger levels. SIG 1 determines the regular operation with any 
instantaneous current magnitude below the limit set at  I1 ≤ 1.05 pu 
(105 %) and is marked in blue. SIG 2 actuates the current limitation 
strategy if a minimum of one instantaneous current magnitude exceeds the 
upper threshold of  I2 > 1.15 pu and is labeled in green. The trigger levels 
may be adapted to provide other levels of response. The range between 
1.05 pu to 1.15 pu allows slow development of the reactive current and, 
thus, voltage magnitude. The trigger signals SIG 1 and SIG 2 are the 
outputs of a conjunction and a disjunction evaluating current magnitudes. 
They constitute Set and Reset of the Flip-flop together with a delayed 
feedback (𝑇1>) from Flip-flop’s Q state. The trigger levels with the Flip-flop 
constitute a basic state machine whose output is highlighted in yellow and 
symbolized by 𝑰>. This output determines the corresponding dynamic 
current limiting or steady-state operation. 

Since there is no closed-loop current control, additional measures are taken 
to avoid the hunting effect. A proportional differentiator (PD), whose 

Table 3.3: Paremters assocaiated with current limitation. 

Parameter Unit Value 

 I1 pu 1.05 

 I2 pu 1.15 

𝑇2 sec 0.01 

U T2 pu 1.15 

  T2 pu 0.70 

𝑇4 sec 0.02 

𝐾1 pu 0.10 

𝐾4 pu 0.005 

𝐾5 pu 0.50 

𝑇1> sec 0.001 

𝑇A sec 1 ∙ 𝐸 − 4 

 V1 pu 1.15 

 ∆I pu 0.001 

 ∆V pu 0.0001 
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output signal feeds an input to the discrete integrator (DI) serving as a 
counter, is developed. The PD controller has a gain 𝐾5 and a differentiator 
time constant 𝑇4. The input to the PD is a smoothed magnitude of the 
complex-valued current with time constant 𝑇2, and the output is multiplied 
with gain 𝐾4. The total gain is sufficiently high and tuned.  he integrator’s 
output signal is utilized to calculate the reactive current and adjust the 
voltage magnitude for limitation. The output of the discrete integrator is 
denoted by 𝑪𝒓 and marked in green. The aggregated arrangement forms a 

PD-DI block. The present scenario is configured by 𝐼Ref 𝐼n =⁄ 1.0 pu. 
Therefore, below 105 %, a rapid response is desired, while above 105 %, a 
slower reduction to bring the current back to its nominal value is devised. 
The discrete integrator is reset to zero when the current magnitude limiter 
is triggered to improve the fault recovery capability of the GFM converter. 

As known, the derivative component is effective for slow dynamic errors. 
Hence, it creates a damped output and stabilizes the response with a rapid 
current increase. The derivative response is proportional to the rate of 
change of the process variable and predicts error in the control loop, while 
the proportional gain increases the speed of the response. Together, this 
creates a fast and improved transient damped reaction on the current 
magnitude and accelerates the global system response. Hence, the PD-DI 
block is active for a small range of deviations around the nominal current, 
allowing the voltage to settle smoothly at its limits with minimal overshoot. 

The output 𝑪𝒓 of the discrete integrator with the output 𝑰> of the Flip-flop 
constitutes an anti-windup method for voltage limit controller that 
guarantees the converter’s fault recovery capability. The resultant 

converter voltage magnitude is composed of a constant part 𝐾1 adjusted by 
the reduction gain 𝑪𝒓 and a smoothed measured voltage magnitude with 
saturation limits set to 1.1 pu and 0.0 pu. 

In steady-state operation the output voltage magnitude results from a 
superposition of measured voltage magnitude and scaled feedforward part 

𝐾1 comprising nominal reactive current injection (𝐾1 reflecting the 
coupling reactance 𝑋C). Contrary, in current limitation the converter 
output voltages approaches the measured voltages leading to a zero voltage 
drop across the coupling inductor after the decay of natural response. 

Thus, there are two contributions from the current limitation strategy 
implemented, an active reduction and feedback. The active part is limited 
to 10 % reflecting the coupling impedance, whereas the feedback is 
obtained by the smoothing of measured voltage magnitude. The present 
parameter configuration sets the steady-state converter terminal voltage at 
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a maximum of 1.15 pu with 10 % coupling and 10 % transformer 
impedance, amounting to a 20 % voltage drop at PCC for a nominal, 
inductive current. The steady-state limit of the current is 1 pu. In the 
benchmarked case, the tested upper limits are adjusted to 𝐿V1 = 1.15 pu 
and lower limit to 0.0 pu. The output signal is further transformed from 
ρdrιdr to αβ to obtain the voltage magnitude and argument of the converter  

As mentioned in Section 2.3.5 and in [7, 92–95], an essential requirement 
of GFM is to maintain a constant magnitude and phase of the voltage within 
the transient time frame following a disturbance. Therefore, the voltage 
regulation is realized by constant magnitude under normal conditions. An 
adjustment via scaling is performed in case of overcurrent. If the voltage 
control bandwidths for regulation of the terminal voltage are sufficiently 
small, the control loops’ response time is slow, implying longer rise and 
settling times. The GFM control must maintain stability under low short 
circuit ratio (SCR) conditions and even ‘form’ grid voltage when necessary. 
Adhering to the above, the voltage magnitude limitation in conjugation 
with PRP allows to maintain the voltage source behavior during the severe 
disturbances. In case of deep faults, a reactive, viz. capacitive current is 
injected to stabilize the power system. Otherwise, a mix of active and 
reactive currents, as implied by Phase 2, interacts with the power system 
impedance. A swift and stable response is ensured with the underlying PRP 
scheme such that the slower response is guaranteed around nominal 
values. The prime difference to existing voltage limiter methods is that the 
phase is not controlled via the current limiting control, rather current is 
limited via magnitude only. Thus, no restriction is applied to the voltage 
phase, preserving the phase-frequency coherence and the original control 
characteristic. The concept can be extended to include additional measures 
for negative sequence as the trigger levels are based on peak values of the 
instantaneous currents. The control scheme is simulated, tested intensively 
and the results are displayed and discussed in Section 4.4. During testing, 
some high residual peak currents under transients for improbable network 
conditions were witnessed. An oversizing is anticipated as a necessary 
trade-off for stability in these cases, amounting to a maximum peak current 
of 1.5 pu. However, the steady-state current remains 1 pu. 

3.6 Complete Grid-Forming control  

The block diagram of the complete control is shown in Figure 3.14, and the 
parameters are listed in Table 3.4. The parameter selection allows the 
desired optimal performance. It enables the response of disturbances to 
dominate over setpoint changes. Further, it maintains the voltage source  
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Figure 3.14 Phase-Restoring Principle (PRP) based full GFM control – Phase 3. 
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characteristic with current limitation control. This GFM scheme also allows 
inertial support and active power dispatch.  

The DC compensation is also incorporated into the control principle. It is 
added to mitigate the undesirable slow DC component in the output 
current to improve dynamic system performance. For EMT simulations it 
is necessary to superpose a DC voltage compensating the transient DC 
current as seen in Figure 3.14. The DC compensation is a proportional 
controller estimating the transient voltage difference (∆𝑉CTR) as discussed 
in Section 2.5.1. The DC control is implemented as a discrete controller 
(DFT) with a sampling frequency of 5    , while the full control is sampled 
with 10    . All the measured input signals are smoothed with a time 
constant of 100 μ ec to reduce aliasing effects. These sampling frequencies 
are viable choices though PRP is not restricted to these exemplary values. 

Table 3.4: Complete paremters list of the GFM scheme based on PRP. 

Parameter Unit Value 

𝑇1 sec 1.0
(50 × 2𝜋)⁄  

𝑇2 sec 0.01 

𝑇3 sec 1.0 2𝜋⁄  

𝑇4 sec 0.02 

𝑇1> sec 0.001 

U T2 pu 1.15 

  T2 pu 0.70 

𝐾1 pu 0.10 

𝐾2 pu 0.25 × 50 

𝐾3 pu 1.00 

𝐾4 pu 0.005 

𝐾5 pu 0.5 

𝐾DC pu 0.02 

𝑇A sec 1 ∙ 𝐸 − 4 

 I1 pu 1.05 

 I2 pu 1.15 

 V1 pu 1.15 

 ∆I pu 0.001 

 ∆V pu 0.0001 

𝑉0 pu 1.00 

𝐹n Hz 50.00 

𝑇 sec 1 ∙ 𝐸 − 4 
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3.7 Chapter Summary 

This chapter presents a theoretical basis of an unconventional control 
strategy for a     converter based on a ‘Phase Restoring Principle’ (PRP) 
by which a constant steady-state frequency is achieved. The development 
of the control scheme is distributed across three distinct phases. 

In Phase 1, the basic block of the GFM control scheme, namely PRP, is 
introduced, and its realization is described in context to GFM converters. 
The unique control structure with minimal order dynamics, operating 
principle and frequency drift as a local phenomenon is discussed. It is 
deduced that the internal frequency drift (𝜔dr) is the negative deviation of 
the power system frequency ∆𝜔, under disturbances. The scheme utilizes a 
novel angular transformation of the reference frame in the opposite 
direction to a disturbance in the ohmic-inductive network and is inherently 
without a PLL. PRP generates the frequency actively by restoring the phase 
at the measurement node and not by following it passively, thus providing 
equivalence to infinite virtual inertia. The mathematical investigations in a 
realistic test bench under different operating scenarios with necessary 
boundary conditions to obtain a solution based on the control principle 
were described. The existence of the operating point of the proposed 
concept is proved via the ‘Existence Theorem’. An essential outcome of the 
theorem was the role of the transformer impedance as a decisive 
constituent in the overall converter control performance. The ratio 
between the coupling and transformer impedance is vital in obtaining a 
regular operating point. Hence, coupling and transformer impedances are 
not network branches but quintessential parts of the converter system 
stability. Evidence of small-signal system stability by analytical evaluation 
of the linearized closed-loop transfer function is provided, and the 
generalized small-signal solution of the control independent of network 
loadings is proved. Global stability is derived from the general small-signal 
solution and operating point’s existence exhibited with a suitable choice of 
network parameters, with the solution’s uniqueness defined by the shortest 
path. PRP takes over the central part of the control task of responding to 
an event, with power dispatch capacity and current limitations 
superimposed. Thus, the scheme response reflects that frequency ranks 
over the constant load flow phase by prioritizing disturbance over setpoint 
changes.  

Further, in Phase 2 of controller development, PRP is supplemented with 
active power control (APC), which allows the control scheme to cooperate 
with other sources. Analytical deductions of the APC are displayed in single 
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and double converter configurations under weak grid scenarios. Self-
stabilizing droop is incorporated into the APC to enhance performance 
dynamics and robustness. The development of steady-state operating point 
and hence drift frequency using the principle of PRP with active power, 
along with the additional droop control, is examined. Discussions based on 
reference values and weighted gain ‘𝑐’ selection are also performed. The 
enhanced PRP control structure also displays controller stability for 
sufficiently small drift frequencies and achieves nominal frequency with 
dedicated parameters.  

Finally, in Phase 3, the underlying Phase 2 control is extended with the 
current limitation concept. This current limiting concept is based on 
voltage magnitude control with phase administered by PRP. The control 
consists of novel usage of an anti-windup limiter, discrete integrator and a 
current magnitude triggered Flip-flop, which defines the control state. 
These assist in better recovering from the undesired current saturation and 
hunting effects to detect and respond to symmetrical fault conditions. The 
voltage magnitude is constant under normal operation and scaled under 
overcurrent conditions. The current limiting control blocks help preserve 
the GFM functionality and provide the best possible control response under 
severe faults. Thereby complying with the GFM characteristics or 
requirements mentioned in Section 2.3.  

The last section of this chapter includes the complete block diagram with 
DC compensation and details of the chosen parameter based on optimal 
performance.  
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4 Simulative validation of  hase Restoring 
 rinciple 

This chapter displays and discusses simulative evidence of the control 
response and its robustness based on the mathematical investigations and 
proofs delivered in Chapter 3. Steady-state operating point development to 
validate global stability and control responses are simulatively verified in 
Section 4.1. The small-signal stability and the analytical conclusions of the 
nonlinear Phase Restoring Principle are demonstrated in Section 4.2. The 
prioritization of disturbances over setpoints and the restoration of the 
nominal frequency with PRP and APC is displayed in Section 4.3. 
Additionally, a variegated panorama of scenarios is simulated, and the 
control’s robustness responses are contrasted with and without current 
limits in Section 4.5 and Section 4.4, respectively. Finally, the chapter 
provides a summary in Section 4.6. The offline simulation tools utilized 
here are PSS®NETOMAC in both EMT and RMS domains and MATLAB-
Simulink® for small-signal analysis. Please refer to Appendix A4 for per-unit 
definition. Fragments of this chapter are published in journals J1, J2 and 
conference paper C1 as provided in Table A 7. 

4.1 Steady-state operating point development in single 
converter configuration  

The Phase 1 PRP based GFM control scheme displayed in Figure 3.2 is 
applied to a basic network model shown in Figure 4.1. The assumed 
network is inductive, and as such, the resistive component of the network 
equivalent 𝑅N, is considered negligible compared to the impedances of the 
other network elements. This section deals with the response of PRP as 
fully GFM with no additional control loops. Based on the mathematical 
boundaries defined in Section 3.2, four distinct scenarios are considered, 
and the results demonstrate global stability. This sub-section is organized 
into two parts. The first part, or sub-section 4.1.1, presents the different 
conditions of the simulated test bench simulated. While the second part or 
4.1.2 includes time-domain results utilizing PSS®NETOMAC software tool 
for both EMT and RMS domains of the various cases.  

The test bench as described in Figure 4.1 is represented in PSS®NETOMAC 
in a per-unit MVA system. The converter voltage source is defined by 1 pu. 
The control is sampled with 10 kHz and the test system including control 
is simulated with an integration time step of 𝑇INT = 100 μ ec. It 
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synchronizes with the network at 𝑡 = 0.2  ec. At 𝑡 = 5.04  ec, the shunt 
load designated as 𝑅 is connected creating a disturbance in the system. The 
network configuration is simulated for a duration of 15 sec. The coupling 
impedance in the circuit (𝑋C) is set at 10 % of a nominal impedance 1 MVA 
machine base power as described in (4.1). All the other impedance values 
are described and varied in relation to the coupling impedance. The test 
bench is simulated in EMT and RMS domains and the responses are 
evaluated.  

𝑋C = 0.1
(0.    V)2.

1 MV 
= 10% × n  ina  i pedance (4.1) 

4.1.1 Simulated scenarios  

Case A: The network model exhibits a weakly coupled grid configuration. 
The network parameters are determined based on the conditions specified 
in Assumption 3a (Section 3.2.1.4) for the steady-state operating point. 

Case B: This network model highlights a strongly coupled grid 
configuration. The requirements derived in Assumption 3b of Section 3.2.1.5 
for the steady-state operating point describe the network parameters. 

Case C: The network model exhibits a globally stable solution for the 
Phase 1 control under Assumption 1 of Section 3.2.1.1. The steady-state 
operating point and network parameters satisfy these conditions. 

Case D: The simulation results for this case display an unstable network 
solution with the chosen network parameters. The case conforms to the 
conditions in Assumption 2 of Section 3.2.1.2. It should be noted that the 
instability, corresponds to an oscillating frequency condition. 
The network parameters fulfilling the conditions for each described 
scenario are described in Table 4.1. 

 

Figure 4.1: Simulated test bench based on Figure 3.3. 
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4.1.2 Results and inferences 

Figure 4.2 visualizes the results for all four simulated cases. Each circle 
represents the general solution of the corresponding network condition 
((3.5) or abridged (3.6)). The dots indicate the steady-state operating phase 
of the converter voltage (3.7). The circles for each case are interpretable, as 
explained in Figure 3.4. The phase values obtained from the simulation are 
also cross-verified with equations (3.7) or (A 5.5). The arbitrary solution 
used for plotting each scenario is given in equation (A 5.4) of Appendix A5. 
The values displayed in Figure 4.2 for Cases A, B, and C match the simulated 
results shown in Figure 4.4 to Figure 4.6, supporting the hypothesis.  

The Phase Restoring control demonstrates that each stable case achieves 
the steady-state value through the direct path (described in Section 3.2), 
for the topology in Figure 4.2. The direct path is observable through the 
movement of the operating point’s development from the pre-disturbance 
(x) to the post-disturbance value (dot) in the close-up views of Figure 4.2. 

The intersection of the circles with the real axis ( e{𝑉M}) visualize the 

solution in accordance with equation (3.5) or extended equation (A 5.4). 
The circles represent all possible converter voltage phases depending on 
measurement voltage real and imaginary parts for a defined impedances 
(network parameters with 𝑅 and 𝑋 values). Pre-disturbance both the 
converter and measurement voltage phases are zero. The intersection of 
the circles with the real axis display the post disturbance solutions for the 
converter voltage phase. Since PRP fixes the phase of the measurement 
phase at zero the post disturbance converter phase is shifted to positive 
values corresponding to ohmic loading. The change of converter phase is 
marked on the circles by a (x) and (•) labeling pre- and post-disturbance 
respectively. 

Table 4.1: Parameters considered for the simulated scenarios. 

Case A B C D 

Network 
condition 

𝑋T = 𝑋C,
𝑋N > 𝑋C, 
𝑅 < 𝑋C,
𝑅 < 𝑋N 

𝑋T = 𝑋C,
𝑋N ≪ 𝑋C, 
𝑅 < 𝑋K,
𝑅 > 𝑋N 

𝑋T = 𝑋C, 
𝑋N > 𝑋C, 
𝑅 > 𝑋C 

𝑋T = 0, 
𝑋N < 𝑋C, 
𝑅 < 𝑋C 

Parameters Value Value Value Value 

𝑋C 0.1 0.1 0.1 0.1 

𝑋T 𝑋C 𝑋C 𝑋C 1.E-6× 𝑋C 

𝑋N 10 × 𝑋C 0.00001 × 𝑋C 10 × 𝑋C 𝑋C/2 

𝑅 𝑋C/10 𝑋C/10 𝑋C × 10 𝑋C/10 
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Figure 4.2: Solution circles (3.5) parameterized by converter phase (𝜑) with close-ups of 
operating points defined by   {𝑉M }  =  0, where (x) is phase of pre-disturbance and (•) is 

phase of post-disturbance. The values are displayed in radians. 

 
Figure 4.3: Case C (a) Under disturbance conditions at CON, phase jump in phasor of 
converter voltage 𝑉C , undertaking the direct path; (b) Under disturbance conditions at 

MEAS, phase restored by the control of the measurement voltage 𝑉M. 
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The simulation plot in Figure 4.3 (a) additionally illustrates a smooth 

response in the converter voltage argument (arg{𝑉𝐶}), demonstrating the 

direct path from the pre- to post-disturbance values. The argument of the 

measurement voltage arg{𝑉M} in Figure 4.3 (b) displays a minor delayed 

control action, which returns to its initial value after a short jump (network 
response) in opposite direction, corresponding to steady-state frequency. 
The choice of the transformation angle based on the voltage at the 
measurement node allows the realization of a true virtual inertia principle, 
leading to global stability. The response is analogous to a large source and 
thus comparable to the inertia concept providing support during a 
disturbance. Moreover, under the above-mentioned conditions, the 
controller is stable without a slack connection, corresponding to 𝑋N → ∞. 

Simulation results for cases A to D are displayed in Figure 4.4 to Figure 4.7. 
For better visualization of the plots, the abscissa range is fixed between 
4 sec to 6 sec, while the ordinate is variable. Results for Cases A, B, and C 
demonstrate that the control and power system reach a steady operating 
point after a disturbance if the necessary parameter requirements are 
satisfied. In contrast, Case D (Figure 4.7) illustrates an unstable network 
condition in which no operating point for the Phase Restoration control is 
possible, and the integrator is unable to achieve steady-state operation, 
resulting in oscillations. This case is not asymptotically unstable but rather 
a limit cycle oscillation with oscillatory behavior characterized by constant 
periodicity. True instability is unbounded, leading to an exponential 
response, described as Lyapunov’s unstable in Section 2.4. In Figure 4.2, 

Case D solution does not intersect with the real axis ( e{𝑉M}) and offers a 

clear distinction in response compared to the other scenarios.  

Switching on the load introduces a disturbance that causes a voltage drop 
and increases the converter’s reactive and active power, as demonstrated in 
variant (c and d) of Figure 4.4 to Figure 4.7. In response to this disturbance, 
the control adjusts to a new operating point to compensate for the 
disturbance event and restore the phase at the measurement node, as 
shown in variant (b) of Figure 4.4 to Figure 4.7. This new operating point is 
achieved by adjusting the argument of the converter voltage, which leads 
to an increase in active power. The network also imposes additional 
reactive power requirement. The proportion of reactive power share is 
determined by the ratio of the impedances between the converter node and 
PCC, specifically, 𝑋C and 𝑋T. The choice of transformer impedance plays a 
crucial role in the determination of the PRP scheme’s ability to achieve a 
feasible operating point, as illustrated in the plots for Case A (Figure 4.4),  
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Figure 4.4. Phase Restoration Principle (PRP) simulation for Case A (a)Voltage magnitude; 
(b)Voltage argument; (c) Reactive power and (d) Active power. 

 
Figure 4.5. Phase Restoration Principle (PRP) simulation for Case B (a)Voltage magnitude; 
(b)Voltage argument; (c) Reactive power and (d) Active power. 
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Figure 4.6. Phase Restoration Principle (PRP) simulation for Case C (a)Voltage magnitude; 
(b)Voltage argument; (c) Reactive power and (d) Active power. 

 
Figure 4.7. Phase Restoration Principle (PRP) simulation for Case D (a)Voltage magnitude; 
(b)Voltage argument; (c) Reactive power and (d) Active power. 
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Case B (Figure 4.5), and Case C (Figure 4.6). The impact of the grid (SLK) 
on the system is greatly dependent on the network configuration. Case A, 
in which the grid or network equivalent has minor or non-existent 
influence (weak grid), exhibits significant differences in system responses 
compared to Case B, where the grid has a more substantial impact (strong 
grid). In Case A, the PRP scheme operates under weak grid conditions and 
plays a dominant role in the post-disturbance interaction.  

Comparing stable Cases, A to C reveals that the power system responses in 
the positive sequence EMT and RMS domains are similar. The operating 
points achieved through both simulation methods align. However, in 
unstable Case D, the responses differ due to the violation of the constant 
frequency condition inherent to the RMS domain solution. The findings of 
the mathematical analysis presented in Section 3.2 are visualized through 
simulation [29]. 

4.2 Small-signal evidence  

In this sub-section, the theoretical small-signal deductions derived in 
Section 3.3 are corroborated via numerical simulations. Since the small-
signal numerical analysis is conducted in MATLAB-Simulink®, the PRP 
control results are benchmarked against the native simulation program 
PSS®NETOMAC (EMT and RMS) (sub-section 4.2.1). The transfer functions 
are determined by applying perturbation frequencies to the network. The 
analytical evaluation is presented in sub-section 4.2.2 and further 
compared and verified against the numerical simulations. The obtained 
results are presented and described via visualization in sub-section 4.2.4. 

4.2.1 Benchmark scenarios 

The control model from PSS®NETOMAC is replicated in MATLAB-

Simulink® with the converter voltage source set at 𝑉̂LG = 
√2

√3
∙ 0.    V. This 

control is reproduced in two different network configurations, the reduced 
and the complete model as described in Figure 3.3 and Figure 3.5, 
respectively. The control structure built in MATLAB-Simulink® is not 
linearized and represents full control as in Figure 3.2. Case C, as described 
in Table 4.1, is chosen as the base network case to demonstrate a 
comparable match in control responses across the two tools. This test case 
is a superset of all global stable solutions, as seen in Figure 4.2 containing 
all network scenarios. 

The control in the complete network model built in MATLAB-Simulink®, is 
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benchmarked against the control model built in PSS®NETOMAC (both 
EMT and RMS domains) prior to conducting stability analysis. The 
benchmarking serves to validate the consistency of interpretation in the 
two different tools as observed from the comparison in Figure 4.8. Time 
traces displaying the comparison of voltage magnitude and argument at the 
converter node and measurement node are presented in the Figure 4.8 (a 
to d).  dditionally, the controller’s internal signals of the phase’s argument 
and the drift frequency are consistent between the two tools as witnessed 
in Figure 4.8 (e and f). Figure 4.8 (f) provides better visualization of the 
drift frequency 𝜔dr, and the control’s behavior in restoring the phase after 

 
Figure 4.8: Phase 1 PRP response (Figure 3.2) in test bench Figure 3.3 validated among 
tools (PSS®NETOMAC and MATLAB-SIMULINK®) and domain (EMT and RMS)  

(a) Voltage magnitude at CON (𝑉C); 

(c) Voltage magnitude at MEAS (𝑉M); 

(e)  ontrol’s argument of phase; 

(b) Voltage argument at CON (𝑉C); 

(d). Voltage argument at MEAS (𝑉M); 

(f)  ontrol’s internal drift frequency. 
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a disturbance. As previously demonstrated, comparing EMT and RMS 
simulation responses exhibit similar behavior. 

4.2.2 Theoretical deductions 

Section 3.3.1 presents the results for small-signal stability analysis obtained 
through closed-loop transfer functions derived through linearization at an 
operating point for 𝑅 ≥ 1 pu. To enhance the clarity of the results, selected 
scenarios of Case C are simulated to provide additional support for the 
theoretical conclusions. 

In the previous section, the system is calculated in the Laplace domain. 
However, for spectral analysis, the evaluation is performed using 𝑠 = j𝜔 on 
the imaginary axis, which corresponds to a Fourier Transform (discussed in 
Section 2.4.3.2). The Phase Restoring Principle linearized through small-

signal methods demonstrates a constant d component, 𝑉d = 𝑉̂LG in dq 

domain, as derived in (3.52). The value of the converter source voltage 𝑉̂LG 
is constant for all −∞ < 𝑡 < ∞. As a result, the constant voltage 𝑉d 
transforms into a Dirac distribution (𝛿(jω)) in Fourier domain. By applying 
this principle to the analytical deduction in (3.49), (4.2) is obtained with 
the determinant of matrix 𝐀 in (3.51).  

[
𝑉d(jω)

𝑉q(jω)
] =  

[jω𝑇]

det(𝐀)
[
1  

jω𝐿
𝑅⁄  1 [jω𝑇]⁄

𝜔n𝐿
𝑅⁄

−
𝜔n𝐿

𝑅⁄ 1  
jω𝐿

𝑅⁄
] [𝑉̂  ∙ 𝛿(jω)

0
] (4.2) 

For steady-state analysis, substituting 𝑠 =  0 in dq frame (refer 
Appendix A6), in (4.2) produces: 

[
𝑉d(jω)

𝑉q(jω)
] = [𝑉̂LG ∙ 𝛿(jω)

0
] (4.3) 

Equation (4.3), demonstrates that 𝑉d = 0 and is valid for all frequencies 
dissimilar to zero. Therefore, the 𝑞/𝑞 controller transfer function −[𝑠𝑇] 
derived in (3.41) is chosen for numerical evaluation. The 𝑞/𝑞 controller 
transfer function is evaluated at a predetermined set of perturbation 
frequencies in EMT domain. These frequencies are incrementally increased 
in steps of 0.1   , starting from 50 to 51   . For evaluation, the frequency 
difference to nominal (𝐹n = 50 𝐻𝑧) is considered. The results of evaluation 
are presented in Table 4.2 and are compared with corresponding 
simulation results. The argument of the transfer function illustrates the 
impact of −[𝑠𝑇]. With time constant of 𝑇 = 0.02  ec = 𝑇1 (Figure 3.6), the 
argument computes −1.5708 rad or −𝜋 2⁄  rad, which corresponds to an 
ideal integrator phase. This relationship is verified through simulations 
discussed in subsequent sections. 



4.2 Small-signal evidence 

113 

Table 4.2: Analytical evaluation of transfer function at various perturbation frequencies. 

Frequency difference 
to nominal 

Mag |−𝒔𝑻| (pu) Arg {−𝒔𝑻} i.e., Phase (rad) 

0 0 0 

0.1 0.0126 -1.5708 

0.2 0.0251 -1.5708 

0.3 0.0377 -1.5708 

0.4 0.0503 -1.5708 

0.5 0.0628 -1.5708 

0.6 0.0754 -1.5708 

0.7 0.088 -1.5708 

0.8 0.1005 -1.5708 

0.9 0.1131 -1.5708 

1 0.1257 -1.5708 

4.2.3 Numerical simulations 

The linear superposition principle is employed to establish a correlation 
between the theoretical results presented in Section 3.3.1 and numerical 
simulations. The linear superposition principle states that in a linear 
system, the system’s response to multiple stimuli is the sum of the response 
of each stimulus [137]. Therefore, the fundamental input voltage is 
superimposed with a small sinusoidal perturbation at a frequency (𝐹p), and 

various scenarios are simulated and evaluated based on this principle [138, 
139]. Following the general conditions for small-signal analysis, the injected 
perturbation should be of a single frequency but with arbitrary magnitudes 
and phases and assumes the sinusoidal form. However, it is challenging to 
handle mathematically and generate, during simulation or experiment, 
such arbitrary unbalanced three-phase signals. Therefore, a three-phase 
current source with positive sequence perturbation at a frequency (𝐹p) is 

injected. The range of the perturbed frequency is restricted to  1    and 
varied in steps of 0.1    with respect to nominal (𝐹n = 50 𝐻𝑧). 

The methodology employed to simulate small-signal behavior through the 
application of the superimposition principle is outlined as follows: 

1. The application of a current source, characterized by a perturbed 
frequency (𝐹p), is superimposed on the converter voltage 𝑉C to 

obtain the total voltage output, which is the result of the 
summation of the two sources. 
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2. The steady-state response of the input and output voltage 
magnitude and phase is periodically calculated over a single phase 
(0 t  2𝜋). It is worth noting that the phase values of the extracted 
voltage responses are determined at each perturbation frequency. 
Due to the linearization technique, a 𝑞/𝑞 controller transfer 
function is obtained, which approximates the phase/phase 
equivalent for small values (proven in Section 3.3.2). This 
conclusion is valid as the voltage’s quadrature component (𝑉q) is 

similar to the voltage’s argument (arg{𝑉}) within the range of 

linearization (𝑅 ≥ 1 pu)). 

3. A Fourier analysis is performed to extract the magnitude and phase 
of measurement voltage 𝑉M and converter voltage 𝑉C at the 

perturbation frequency (𝐹p).  

4. At disturbance frequency, the ratio of these voltages’ argument 

(arg{𝑉}) is evaluated. 

The above methodology is applied to both the reduced (Figure 3.5) and 
complete (Figure 3.3) networks, and the results are subsequently compared. 
Table 4.3 provides a summary of the considered network parameters with 
𝑋C defined in (4.1).  urthermore, the value of the resistive load ‘𝑅’ is varied 
to validate the response under linearized boundary conditions (𝑅 ≥  1 pu). 
Two specific values of ‘𝑅’ with 1 pu and 1  pu, are chosen at a base of 1 MV  
and 0.    V, respectively, to perform this validation. 

Table 4.3: Parameters for the simulated scenarios 

Network configuration 𝑿𝐂 𝑿𝐓 𝑿𝐍 𝑹 

Reduced 1 pu - - 1 pu, 16 pu 

Complete 1 pu 1 pu 10 pu 1 pu, 16 pu 

4.2.4 Results and inferences 

The small-signal results obtained by evaluating the transfer functions for 
two simulated scenarios are presented in Table 4.4 and Table 4.5 for 𝑅 =
 1 pu and 𝑅 =  1  pu, respectively. Figure 4.9 comprises the converter’s 
steady-state responses and measurement voltage’s argument at various 
disturbance frequencies and network configurations. For the disturbance 
range, the evaluation of the transfer function of the voltage phases confirms 
the analytical results described in Table 4.2. Additional visual confirmation 
is provided in Figure 4.9, demonstrating that the converter and 
measurement voltage phase is shifted by 𝜋 2⁄  rad for all perturbed 
frequencies. Hence, it supports the conclusion in (3.41), corresponding to  
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Figure 4.9: Argument of converter voltage (𝑉𝐶) and measurement voltage (𝑉𝑀 ) at specified 

disturbance frequencies over one respective cycle 
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an integrator. Both the reduced and complete network models show that 
the transfer function corresponds to the inverse of the inner feedback loop.  

The values obtained in Table 4.4 and Table 4.5 are consistent with those 
presented in Table 4.2. Minor deviations from the analytical results are 
observed at lower frequencies. The challenges associated with numerical 
investigations of low-frequency phenomena through long-term 
simulations are well-known [47, 140, 141]. The sub-plots in Figure 4.9 
demonstrate that steady-state is not achieved at low frequencies. This 
explains the minor deviations observed in the tabular data from expected 
values.  

The simulation results confirm the independence of the control response 
on the network parameters. The evaluation of the defined controller 
transfer function illustrates the dominant role of the inverse inner feedback 
loop. As a result, the influence of the network is not apparent at the 
disturbance frequency (𝐹p), while the converter control dominates the 

system response as per the controller transfer −[𝑠𝑇] characteristic. The 𝑉C 

ensures the superposition of its response on 𝑉M. Thereby 𝑉C guaranteeing 
invariance of 𝑉M to variations in network parameters, provided both 

operating point’s existence and the viability of the small-signal approach 
are upheld.  

Table 4.4: Simulative evaluation of transfer function at various disturbance frequencies. 

Disturbance 
frequency (𝑭𝐩) 

difference to 

nominal (𝑭𝐧)  

𝑹 = 1,  
Reduced network 

𝑹 = 1,  
Complete network 

Mag (pu) 
Arg  
i.e., Phase 
(rad) 

Mag (pu) 
Arg  
i.e., Phase 
(rad) 

0.1 0.0097 -1.5657 0.0098 -1.5662 

0.2 0.0268 -1.5678 0.0267 -1.5684 

0.3 0.0387 -1.5687 0.0387 -1.5683 

0.4 0.0505 -1.5716 0.0505 -1.5716 

0.5 0.0629 -1.5707 0.0629 -1.5707 

0.6 0.0754 -1.5709 0.0754 -1.5709 

0.7 0.088 -1.5708 0.088 -1.5708 

0.8 0.1006 -1.5706 0.1006 -1.5706 

0.9 0.1131 -1.5709 0.1131 -1.5709 

1 0.1257 -1.5709 0.1257 -1.5709 
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Table 4.5: Simulative evaluation of transfer function at various frequencies. 

Disturbance 
frequency (𝑭𝐩) 

difference to 

nominal (𝑭𝐧) 

𝑹 = 16,  
Reduced network 

𝑹 = 16,  
Complete network 

Mag (pu) 
Arg  
i.e., Phase 
(rad) 

Mag (pu) 
Arg  
i.e., Phase 
(rad) 

0.1 0.0096 -1.5659 0.0097 -1.5664 

0.2 0.0267 -1.5677 0.0267 -1.5685 

0.3 0.0387 -1.5688 0,0387 -1.5684 

0.4 0.0505 -1.5716 0.0505 -1.5716 

0.5 0.0629 -1.5707 0.0629 -1.5707 

0.6 0.0754 -1.5709 0.0754 -1.5709 

0.7 0.088 -1.5708 0.088 -1.5708 

0.8 0.1006 -1.5706 0.1006 -1.5706 

0.9 0.1131 -1.5709 0.1131 -1.5709 

1 0.1257 -1.5709 0.1257 -1.5709 

The results presented in this section, obtained through both analytical and 
simulation methods, indicate that both voltage 𝑉d and 𝑉q are zero for all 

frequencies, excluding 𝑉d equal to 𝑉̂LG at nominal frequency.  

The general solution derived in Section 3.3.2 is valid for all values of 𝑅 >
0 pu confirming the non-dependence on network loading parameters at 
steady-state frequency condition in dq reference frame (𝑠 = 0), hence 
global stable. Thus, by extension the large loads are also small-signal stable, 
and the analytical statement is valid within the range of linearization 
specified in Section 3.3. The small development point (𝛥𝜑~0) is valid due 
to the phase integrator and therefore the phase/phase function approaches 
𝑞/𝑞 transfer function with large loads (𝑉q ≈ 0). However, the Phase 

Restoring Principle is valid under the conditions specified by the ‘Existence 
Theorem’ [29].  

4.3 Response of power dispatch capacity with active 
power extension  

This section displays the influence of PRP with APC and is divided into 
single converter, double converter configurations and self-stabilizing 
droop’s (𝐾2) role in sub-sections 4.3.1, 4.3.2 and 4.3.3 respectively. 
Simulations are conducted to validate the analytical deductions presented 
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in sub-section 3.4, utilizing the test bench depicted in Figure 3.9. 
Additionally, the effects due to droop 𝐾2 is also assessed under a vast range 
of network loading conditions. The network topology employed in these 
simulations included both coupling impedance and transformer 
impedance, in order to construct a basic yet realistic model. The inclusion 
of a slack element facilitated the initialization process, though it is not 
obligatory, and its disconnection was carried out as per the equations 
derived. The values 𝑃m and 𝜔dr are determined under constant load and 
varying impedances. The test bench is simulated with PSS®NETOMAC in 
RMS and EMT domain, displaying Phase 2’s development and results. 

4.3.1 Single converter configuration 

The test bench depicted in Figure 3.9 in a single converter configuration is 
considered under one selected loading condition to verify the 𝑃m and 𝜔𝑑𝑟 
deductions of sub-section 3.4.1 This section is segmented into scenario 
description (sub-section 4.3.1.1), discussion of results and inferences drawn 
(sub-section 4.3.1.2) and evidence for priority of disturbance over setpoints 
is also displayed in sub- section 4.3.1.3. The test bench is simulated with the 
software tool PSS®NETOMAC in phasor-domain in a per-unit MVA system. 
The sequence of events for the simulation is as follows.  

• A load of 1 pu is connected to the network equivalent at 2.5 sec.  

• Connection and synchronization of the first converter at 7.5 sec.  

• Disconnection of the slack or network equivalent occurs at 12.5 sec. 

• The simulation runs for 16 sec.  

The period from 12.5 sec onwards corresponds to the solution with a 
constant 𝑃ref of 0.0 pu. Therefore, the results of interest can be found in 
Table 4.6 for this period (≥ 12.5 sec). The frequency deviation, designated 
by ∆𝜔, was calculated relative to the nominal value (𝜔n) for the test bench 
before and after the disconnection of the grid equivalent. The sequence of 
events is simulatively evidenced in Figure 4.10 (a) to Figure 4.10 (c) for 
Case 2. The area of interest is shaded in grey. 

4.3.1.1 Simulated scenarios 

Case 1: The present network configuration encompasses lumped 
impedances (𝑋C+𝑋T) as previously employed in sub-section 3.4.1. The 
reference value is maintained constant throughout the simulation. Table 
4.6 presents a reiteration of the network parameters from Table 3.1 for ease 
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of comparison with Case 2 and displays the resulting steady-state operating 
points. 

Case 2: This case represents an elaboration of Case 1 with segregated 
coupling and transformer impedances, as per network requirements 
outlined in Table 3.1. The steady-state solution and the selected network 
values are available in Table 4.6.  

4.3.1.2 Results and inferences 

Simulation results supporting the mathematical equations ((3.72) and 
(3.77)) are illustrated in Table 4.6. Case 1 and Case 2 demonstrate the 
achievement of the steady-state operating point with a resultant 𝜔dr of 
0.01 2 pu in control. The network frequency deviation is ∆𝜔 with value 
∆𝜔 = −𝜔dr, owing to load increase. The primary distinction between Case 1 
and Case 2 is the additional voltage drop at the measurement node in 
Case 1, resulting from the segregated impedances (2𝑋 =  𝑋C  𝑋T), despite 
the load flow remaining unchanged. These results thus demonstrate the 
viability of the equations and the development of 𝜔dr due to active power 
control. The importance of transformer impedance in Case 1 and Case 2 
further display that the resultant 𝜔dr is determined by the total load and is 
thus equivalent [29]. With appropriate selection of reference value as in 
Case 2 (Figure 4.10), 𝜔dr can be compensated, and nominal frequency is 
restored as discussed in the next section. 

4.3.1.3 Evidence for priority of disturbance over setpoints 

The effectiveness of the active power control (APC) response in conjugation 
with the fundamental block of PRP or Phase 1 is validated and 
demonstrated in Case 2 through the development of an operating point and 

 
Figure 4.10: Case 2: (a) Active power flows with a constant reference of 0.0 pu; (b) Voltage 
magnitudes; (c) Frequency drift in control (𝜔𝑑𝑟) and network (𝛥𝜔). 
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the resulting non-zero drift frequency (𝜔dr). Utilizing dedicated 
parameters in PRP with APC, deviation of 𝜔dr from zero is eliminated via 
PI control action, resulting in the achievement of nominal frequency (𝜔n) 
in the complete control scheme . The performance of the PRP with and 
without superimposed APC is compared through the simulation of the test 
scenario, Case 2, utilizing the following three variants:  

a. PRP without APC (Figure 3.2)  

b. PRP with APC and 𝑃ref = 0.0 (identical to Case 2 - Figure 3.8) 

c. PRP with APC and 𝑃ref = 0.  15 at 𝑡 = 14 𝑠𝑒𝑐 

In Variant (a), the steady-state drift frequency (𝜔dr) is observed to be zero, 
as illustrated in Figure 4.11 (displaying the time scale of interest). This is 
demonstrated by the immediate response to a disturbance, such as the 
disconnection of grid equivalent and return to nominal frequency 𝜔n. 
However, the absence of APC, limits the ability for arbitrary power dispatch 
and interaction with other devices. Therefore, the inclusion of APC is 
necessary. Variant (b) illustrates the superposition of the PRP and APC in 
response to a disturbance, with no changes to the setpoint. The resulting 

Table 4.6: Parameters and results for single converter scenarios. 

Network parameters Case 1 Case 2 

𝑋C (as in (4.1)) 0.2 0.1 

𝑋T  0.1 ∗ 10−6 0.1 

𝑅  𝑋C ∗ 5.0 𝑋C ∗ 10.0 

CON - 𝑃ref 0.0 0.0 

Results (𝒕 ≥ 𝟏𝟐. 𝟓 𝒔𝒆𝒄 ) – setpoint changes 

𝜔dr 𝜔n⁄  in control(Analytical) (pu) 0.0192 0.0192 

𝜔dr 𝜔n⁄  in control (Simulative) (pu) 0.0192 0.0192 

∆𝜔 𝜔n⁄  in network (pu) -0.0192 -0.0192 

𝐹 (Hz) 49.0385 49.0385 

𝑃CON – Active power (MW) 0.9615 ≅ 0.962 0.9615 ≅ 0.962 

𝑃SLACK – Active power (MW) 0.00  0.00  

𝑃LOAD - Load power (MW) -0.9615  -0.9615  

𝑉CON – Voltage (pu) 1.00 1.00 

𝑉MEAS – Voltage (pu) 0.9806 0.9855 

𝑉PCC – Voltage (pu) 0.9806 0.9806 
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steady-state of 𝜔dr = −0.01 2 pu, indicating deviation from the nominal 
frequency 𝜔n. Variant (c) extends the previous Variant (b) by incorporating 
tuned reference values that result in nominal frequency or 𝜔dr = 0.0 pu.  

The nominal frequency is achieved through a delayed response by 
prioritizing responding to the disturbance to attain steady-state. The 
selection of apt APC parameters (𝐾3, 𝑇3) such that the reaction to the event 
governs over the response to setpoint changes. The ∆𝜔 trajectories in pu 
for all three variants are visible in Figure 4.11.  

4.3.2 Two converter configuration 

The control scheme is evaluated in a two converter symmetrical network 
configuration, utilizing the coupling and transformer impedances outlined 
in Table 4.7 and depicted in Figure 3.9. The content in this section is 
structured with scenario descriptions in sub-section 4.3.2.1 and discussion 
of results and inferences in sub-section 4.3.2.2. The simulation is conducted 
using PSS®NETOMAC software in RMS and aimed to examine the response 
to setpoint changes and attainment of steady-state. The test bench is 
constructed in a per-unit MVA system. The sequence of the simulation 
events is as follows:  

• At 0.5 sec, the first converter (CON1) is connected and 
synchronized with a reference value of 0.0 pu.  

• At 2.5 sec, a load of 2 pu is connected to the network.  

• At 7.5 sec, the second converter (CON2) is connected and 
synchronized with a reference value of 0.0 pu.  

• At 12.5 sec, the disconnection of the slack is simulated. 

 
Figure 4.11: Comparison of frequency drift in the network (𝛥𝜔) of Case 2 variants.  
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• At 7.0 sec and 14 sec, the reference value 𝑃ref of CON1 and CON2 
were altered from their initial values of 0.0 pu to the values given in 
Case 4 and Case 5.  

• The simulation was run for a duration of 16 sec.  

The timeline from 14.0 sec onwards corresponds to the solution equations 
with a step-change in 𝑃ref in both converters. The deviation of the system 
frequency from 𝜔n is represented by ∆𝜔 = (𝜔 − 𝜔n), where 𝜔 is the 
resultant system frequency. Time frame of interest is shaded in grey and is 
shown in Figure 4.12 to Figure 4.14 and Table 4.7. 

4.3.2.1 Simulated scenarios 

Case 3: The present scenario demonstrates the accomplishment of a 
constant 𝑃𝑟𝑒𝑓 of 0.0 pu to display the achievement of that the same 𝜔dr by 

the two converters as by one in Case 2. This is achieved via symmetrical 
network and control parameters. The two converters equally contribute to 
the load of 2 pu. The steady-state values, obtained through analytical and 
simulation methods utilizing grid parameters, are presented in Table 4.7. 

Table 4.7: Parameters and results for the two converter scenarios. 

Network parameters Case 3 Case 4 Case 5 

𝑋C1 and 𝑋C2 (as 𝑋C given in (4.1)) 0.1 0.1 0.1 

𝑋T1 and 𝑋T2 0.1 0.1 0.1 

𝑅  𝑋C ∗ 5.0 𝑋C ∗ 5.0 𝑋C ∗ 5.0 

CON1 - 𝑃ref1  0.0 0.9615 0.9615 

CON2 - 𝑃ref2  0.0 -0.9615 0.9615 

Results (𝒕 ≥ 𝟏𝟒 𝒔𝒆𝒄 ) – setpoint changes 

𝜔dr 𝜔n⁄  in control(Analytical) (pu) 0.01922 0.01848 0.0 

𝜔dr 𝜔n⁄  in control (Simulative) (pu) 0.0192 0.0184 0.0 

∆𝜔 𝜔n⁄  in network (pu) -0.0192 -0.0184 0.0 

𝐹 (Hz) 49.0385 49.0786 50.000 

𝑃CON1 – Active power (MW) 0.9615 1.8829 0.9615 

𝑃CON2 – Active power (MW) 0.9615 -0.0401 0.9615 

𝑃LOAD – Load power (MW) -1.9230 -1.8427 -1.9230 

𝑉CON1 – Voltage (pu) 1.0000 1.0000 1.0000 

𝑉CON2 – Voltage (pu) 1.0000 1.0000 1.0000 

𝑉MEAS_C1 – Voltage (pu) 0.9855 0.9601 0.9855 

𝑉MEAS_C2 – Voltage (pu) 0.9855 0.98 0.9855 

𝑉PCC – Voltage (pu) 0.9806 0.96 0.9806 
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Case 4: This scenario demonstrates unequal 𝑃𝑟𝑒𝑓 setpoint changes and the 

resultant 𝜔dr at steady-state. Both 𝑃ref1 = 0.  15 and 𝑃ref2 = −0.  15 in 
CON1 and CON2, respectively, altering from 0.00 pu of their initial value. 
Table 4.7 presents the correlation between 𝜔dr and network parameters, as 
determined through both analytical and simulation methods.  

Case 5: This case highlights the ability to eliminate 𝜔dr through the 
implementation of suitable setpoints values or 𝑃ref and demonstrate power 
system dynamics and control stability. Table 4.7 provides a comprehensive 
overview of the network and control parameters that are instrumental in 
achieving nominal frequency.  

4.3.2.2 Results and inferences 

The steady-state solution for Case 3 with a constant 𝑃ref at 0.0 pu are 
tabulated in Table 4.7 and Figure 4.12. Please refer Appendix A4 for per-
unitization definition of voltage. This scenario is analogous to Case 1 or 
Case 2 as both converters share the load equally under pure symmetrical 
conditions and without any additional step-change in 𝑃ref. The resultant 
drift frequency (𝜔dr) achieved is equivalent to that of the single converter 
configuration, thus confirming the deductions outlined in Section 3.4. The 
network deviation is represented by ∆𝜔 = −𝜔dr, which indicates that the 
system frequency (𝐹 or 𝜔) is lower than the nominal value. The common 
and differential modes are 0.0 pu.  

In Case 4 both common-mode and differential-mode effects are perceptible 
and shown in Figure 4.13. The choice of the setpoint 𝑃ref defines the 
frequency which is determined by the common-mode. The differential-
mode defines the power-sharing between the two sources. In this scenario, 
due to the change in 𝑃ref after 14 sec, the resultant differential-mode is 2 pu, 
with CON1 participating in the overall load sharing. In contrast, CON2 does 
not contribute to the share ascribed to the 𝑃ref selection. The common-
mode is 0.0 pu, and contrary to expectation, 𝜔dr is dissimilar to that of 
Case 3. The difference in 𝜔dr is attributed to the different voltage at PCC 
compared to Case 3 and in accordance with (3.87). In order to obtain the 
same 𝜔dr, the measured power should be identical. With the same 
common-mode but unequal differential-mode, the loop currents at PCC 
vary, and the phase of total voltage (𝜑) at the load is different, resulting in 
a different redistribution of power among the sources, as presented in Table 
4.7. Finally, Case 5 exhibits only common-mode and no differential-mode 
with an appropriate choice of 𝑃ref values displayed Figure 4.14. The 
resulting 𝜔dr is 0.0 pu, and the system attains nominal frequency (𝜔 = 𝜔𝑛). 



4 Simulative validation of Phase Restoring Principle 

124    

 
Figure 4.12: Case 3: (a) Active power flows with no reference change for CON1 and CON2; 
(b) Voltage magnitudes; (c) Frequency drift in converter control (𝜔dr in CON1 and CON2) 
and network (𝛥𝜔). 

 
Figure 4.13: Case 4: (a) Active power flows with reference change to  0.  15 pu for CON1 
and −0.  15 pu for CON2; (b) Voltage magnitudes; (c) Frequency drift in converter 
control (𝜔dr in CON1 and CON2) and network (𝛥𝜔). 

 
Figure 4.14: Case 5: (a) Active power flows with reference change to  0.  15 pu for CON1 
and CON2; (b) Voltage magnitudes; (c) Frequency drift in converter control (𝜔dr in CON1 
and CON2) and network (𝛥𝜔). 
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The presented examples illustrate the converters, when operating without 
any network equivalent or SM, achieve a steady-state operating point to 
satisfy the load requirements. Thus, PRP in conjugation with the APC 
achieves control stability with 𝜔dr which may deviate from nominal 
frequency (𝜔n). Upon reaching steady-state, a common frequency 
throughout the power system develops, with same absolute value in control 
and network. The manipulation of the weighted gain or power-frequency 
droop ‘𝑐’, references (𝑃ref) and initial conditions results in steady-state at a 
unique frequency for a given total load. The sum of the references (𝑃ref1  
𝑃ref2) interplay with the total measured load (𝑃LOAD). This, 𝑃LOAD defines 
the 𝜔dr and may return to 𝜔n through the selection of appropriate 
controller setpoints. 

Additionally, dissimilar power-sharing or differential-mode in converters 
may arise due to variations in coupling impedance, reference values, or 
both. The time traces provided to assist in visualizing that the step-
responses are comparable to 1st order transfer functions, whilst double 
integrators act for the power balance control and the differentiator creates 
phase stability. The likelihood of possible instability is frequent with 
integrator control of higher order than one [30, 142].  

Performance of APC with PRP in unsymmetrical delta configuration is 
presented in [142]. 

4.3.3 Self-stabilizing setpoint via droop 

The impacts of the self-stabilizing droop (𝐾2) are displayed via various 
simulation scenarios. The presented Cases 2, Cases 2(c), Cases 3, and 
Cases 5 are restimulated considering the 𝐾2 in different simulation 
domains and cross-examined with the analytical results. The 𝜔dr obtained 
from equations (3.101) and (3.77) are verified for a single converter, while 
(3.94) and (3.96) are solved with ‘𝑐′’ in (3.94) for two converter 
configurations accounting for the additional droop 𝐾2. The analytical 
results are matched simulatively which are shown in Figure 4.15 and Figure 
4.16 for Case 2(c) and Case 5, respectively. While Case 2 and3 are available 
in the Appendix A9 (Figure A 5 and Figure A 6). The values are tabulated 
in Table 4.8 for comparison. 

Initial simulation in EMT, RMS and frequency dependent RMS (enhanced 
RMS) simulations are performed for the scenarios mentioned with the 
resistive load. The frequency dependent RMS simulation results in 
additional network element manipulation where the impedances are 
modelled as frequency dependent (linear dependency) to incorporate the 
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system response and create a realistic network response under dynamics 
(similar to EMT domain). Additionally, a wide range of network loading 
conditions supporting the implementation of 𝐾2 is simulated in the EMT 
domain and discussed in Section 4.3.3.2. 

The section first discusses the comparison of responses across simulation 
domains considering 𝐾2 (sub-section 4.3.3.1), followed by extensive testing 
of the droop under different loadings confirming the advantage if this self-
stabilizing droop (sub-section 4.3.3.2) which is further divided into 
scenario description and discussion of results. 

4.3.3.1 Comparison of responses across simulation domains 

As mentioned above EMT, RMS and frequency dependent RMS (enhanced 
RMS) simulations are performed for the scenarios Case 2, Case 2(c), Case 3, 
and Case 5 with the resistive load with the identical sequence of events. The 
prime purpose of this section is to evaluate the stability incurred due to the 
additional droop 𝐾2 verified by mathematical derivation and to understand 
the simulation domain boundary conditions with regards to accuracy.  

The analytical and simulative responses in all domains are comparable as 
tabulated in Table 4.8. However, the analytical values better matched the 
steady-state response obtained in EMT and enhanced RMS. The minor 
deviation in pure RMS domain results is attributed to the constant 
frequency assumption or missing homogenous solution (𝑖h) in simulation 

Table 4.8 : Comparison of analytical and simulation results for the cases simulated in 
RMS, enhanced RMS and EMT domain. 

Scenario 𝑷𝐫𝐞𝐟𝟏 𝑷𝐫𝐞𝐟𝟐 Analytical 

𝜔dr

𝜔n
 (pu)  

 

RMS 

𝜔dr

𝜔n
 (pu)  

 

RMS with 
frequency 
dependency 

𝜔dr

𝜔n
 (pu)  

EMT 

𝜔dr

𝜔n
 (pu)  

 

Case 2 0,00 -* 0.015403 0.015384 0.015406 0.015399 

Case 2(c) 0.961523 -* 0 0 0 0.000001 

Case 3 0.0 0.0 0.015405 0.015384 0.015406 0.015399 

Case 5 0.961523 0.961523 4.00E-07 0 0.000002 0.000001 

-* : CON2 is not connected in this scenario 
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Figure 4.15: Case 2(c):  
(a) Active power flow with reference change to  0.  15 pu;  
(b) Load active power flow; (c) and (d) Voltage magnitude; (e) Frequency drift in 
converter control; (f) Frequency deviation in network. 

 

 
Figure 4.16: Case 5 :  
(a) and (b) CON1 and CON2 active power flow with reference change to  0.  15 pu; (c) 
Load active power flow; (d), (e) and (f) Voltage magnitude; (g) and (h) Frequency drift in 
converter control; (i) Frequency deviation in network. 
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as discussed in Section 2.5 (at 4th decimal place). The intermediate 
simulation procedure examines the RMS sufficiency and the 
overestimation of the network responses in this domain. The active 
reference is adjusted via the additional droop 𝐾2 without a supplemental 
𝑃ref tuning. The frequency deviation is further reduced to attain 𝜔n, 
compared to Cases 2 and 3 simulated in sub-section 4.3.1 and 4.3.2 of this 
chapter. The self-stabilizing gain, as described in Section 3.4.3, injected 
additional active power, helps damp the transient response, and attains 
steady-state. On manipulating 𝑃ref, the frequency deviation is reduced to 
zero as seen in Figure 4.15 and Figure 4.16. 

4.3.3.2 Current response under arbitrary loadings  

An exhaustive combination of load (shunt impedance) parameters is 
performed to demonstrate the effectiveness of self-stabilizing droop (𝐾2) 
and display the response of the modified APC with PRP (Phase 2) under 
different loading conditions. The test bench is displayed in Figure 4.17 is 
simulated in PSS®NETOMAC and the sequence of events include:  

• The connection and synchronization of converter (CON1) at 0.5 sec 
with a 0.0 pu reference value.  

• The slack is disconnected at 2.0 sec. 

• The load is connected at 2.5 sec with varied impedance values.  

• The second converter (CON2) is connected and synchronized at 
12.5 sec with a reference value of 0.0 pu.  

• At 22.5 sec, the load is disconnected. 

• The load is reconnected at 32.5 sec. 

The resultant network at 𝑡 = 12.5  ec is a star-connected network with 
Phase 2 PRP-based GFM converters. The complete simulation is run for 
40 sec. The test bench network parameters are tabulated in Table 4.9. The 
following resistance and inductance values are considered for the load 

impedance given by 𝑍= √𝑅2  𝑋2 in ohms. 

𝑅 = 𝑋C1 × 𝑅Fact (4.4) 

𝑋 = 𝑋C1 × 𝑋Fact (4.5) 

where, 𝑅Fact = {0.001, 1.0, 2.0, 3.0, 4.0, 5.0,  .0, 7.0, 8.0,  .0, 10.0} (4.6) 

and 𝑋Fact = {0.001, 1.0, 2.0, 3.0, 4.0, 5.0,  .0, 7.0, 8.0,  .0, 10.0}. (4.7) 
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Employing (4.4) and (4.5), a resultant of 121 scenarios are created with 
unique 𝑅Fact and 𝑋Fact from (4.6) and (4.7) respectively. 

Simulated Scenarios 

A total of 121 load variants (𝑍) are simulated as scenarios under different 

network loadings with parameters given in Table 4.9. The stability 
responses of both converters are evaluated with the unrestricted Phase 2 
PRP and serves as a prerequisite test before the implementation of the 
current limits on the control concept. The term unrestricted here relates to 
the absence of current limitation on the control concept. The responses 
help assess and inspect PRP’s stability under vast conditions. Appendix A8 
describes each scenario ordered in ascending 𝑍 value with its explicit 𝑅Fact 
and 𝑋Fact. The load model implemented is of shunt type, i.e., small 
impedance leads to large currents indicating a large load and vice versa. 
The current value displayed in the plots is in pu with peak nominal current 
value given by: 

𝐼n =  1MV ∙
√2∙0.69kV

√3
 = 1.183   . (4.8) 

Similarly, the voltage is displayed in pu and a network frequency of 50    
is considered. The simulation time step is 𝑇INT = 10 μ ec in EMT domain. 

 
Figure 4.17 : Test bench for vary network loading conditions. 
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Results and Inferences 

The 121 scenarios display a vast combination of results to assess the 
stability of the unrestricted PRP with modified APC. As mentioned, this 
intensive testing is required to determine the robustness of the control 
scheme before implementing any limitations. A steady-state 𝜔dr is 
achieved in each scenario, and therefore frequency evolves (Figure A 15 and 
Figure A 16). Uniquely tuning 𝑃ref for each scenario, nominal frequency 
(𝜔n) shall be accomplished.  

A crucial element of this unrestricted control displays exceptionally high 
currents in the range of 5-7 pu (Figure 4.18 and Figure 4.19) and hence high 
powers (Figure A 9 and Figure A 10) delivered by the source to attain a 
stable operating point. The reactive power response are also attached in the 
Appendix A9 (Figure A 11 and Figure A 12). A significant load connection 
results in a large voltage drop at the measurement nodes (MEAS1 and 
MEAS2), as expressed in Figure A 13 and Figure A 14. The response describes 
the control’s unrestrained reaction to an event to create a stable operating 
point for the power system without respecting converter hardware limits. 
This reaction is comparable to a synchronous machine (SM) capable of 
providing 5–7 times fault current during a disturbance. However, as known 
in the PE industry, semiconductor devices rated for regular operation 
cannot withstand high overcurrent and thermal stresses [48, 50–53]; hence 
limiters are required. Typical limit values have been covered in Section 2.2. 
These uninhibited responses are later contrasted and discussed in 
Section 4.4, where the current limitation is implemented on the overall 
control hierarchy, and the differences in response are noticeable. 

 

Table 4.9 : Test bench parameters for two converter with different network loadings. 

Network parameters Unit Value 

𝑋C1 and 𝑋C2 (as 𝑋C given in (4.1)) pu 0.1 

𝑋T1 and 𝑋T2 pu 0.1 

𝑅T1 and 𝑅T2 pu 1.E-9 

𝑅L  pu 𝑋C × 𝑅Fact 

𝑋L  pu 𝑋C × 𝑋Fact 

CON1 - 𝑃Pref1  pu 0.0 

CON2 - 𝑃Pref2  pu 0.0 
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Figure 4.18: CON1 current space vector magnitude (𝐼) responses without current limiter 
for 121 shunt impedance variation. 

 
Figure 4.19: CON2 current space vector magnitude (𝐼) responses without current limiter 
for 121 shunt impedance variation. 
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4.4 Response of current limiting control  

A broad range of network loading conditions are tested to validate the 
response of the voltage magnitude-based current limiter incorporated into 
the PRP-based GFM control (Phase 3). A heuristic approach is adapted to 
test the control’s robustness with tuned optimum parameters. Robustness 
is the minimum requirement a control system has to satisfy to be beneficial 
in a practical environment [143]. Upon completion of the designed 
controller, the parameters are unchanged, and control performance is 
measured against changing system conditions. The primary focus is to 
evaluate the operation of the control to achieve stability with the current 
limit under normal operating ranges.  

The performance is demonstrated under a single set of parameters as 
described in Table 3.4. The identical test bench in Figure 4.17 with the same 
sequence of events as in sub-section 4.3.3.2 (Phase 2 under different loads) 
is considered. The simulation is carried out in PSS®NETOMAC, with load 
modelled as shunt impedance and the events are described as follows: 

• The first converter (CON1) is connected and synchronized at 0.5 sec 
with a 0.0 pu reference value.  

• The disconnection of the slack is performed at 2.0 sec. 

• Load connection at PCC is performed at 2.5 sec.  

• The second converter (CON2) is connected and synchronized at 
12.5 sec with a reference value of 0.0 pu.  

• Followed by the load is disconnected at 22.5 sec and forms a 
network with 𝑆𝐶𝑅 = 0 or a weak grid scenario.  

• At 32.5 sec, the load is reconnected. 

The resultant network at 𝑡 = 12.5  ec, is a star configuration with 100 % 
IBRs. The load disconnected at 22.5 sec forms a network with 𝑆𝐶𝑅 = 0 due 
to the absence of any other voltage source, resulting in a viable testing 
condition for control’s robustness. A low SCR implies the system is weak 
and very sensitive to active/reactive power injections [144]. Each 
connection and disconnection of either load or slack or converter source is 
a disturbance event. The various faults for testing current limiting mode for 
GFM are documented in [82, 90, 92–96]. Thus, combination of voltage 
faults, frequency and phase faults are incorporated into the event sequence.  

The simulation run is for 40 sec considering EMT models in 
PSS®NETOMAC with control sampling frequency of 10     and simulation 
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time step of 10 μ ec. RMS or phasor-based modelling is justified as long as 
the system voltages are nearly sinusoidal, as in case of SM, GFL converters 
in strong grids, and GFM operating in forming mode [90]. However, for 
GFM with active current limiting, this is no longer valid, as the voltage 
provided may not be sinusoidal and is not represented adequately by a 
RMS. The plots are available in Section 4.4.2.  

4.4.1 Simulated scenarios 

The network parameters for the test bench are described in Table 4.9 with 

varying impedance (𝑍 = √𝑅2  𝑋2) values. The value of 𝑅 and 𝑋 are 
computed based on (4.4) and (4.5), under unique combinations of 𝑅Fact and 
𝑋Fact from (4.6) and (4.7) respectively. The resultant produces a large 
combination of impedance values or load parameters in ohms to test the 
control response. 121 variants or scenarios are simulated, so the responses 
of both converter controls and the entire system are evaluated. Thus, a 
combination of voltage, frequency, and phase faults encompassing voltage 
jump reactive current, phase jump, inertial, and damping active current 
effects may activate current limiting mode. For better comprehension, the 
voltage jump reactive current may be mapped to voltage drop or short 
circuit event, the inertia active current to the loss of generating unit or 
connection of load, phase jump is correlated to line opening or frequency 
event and damping active power to sub-synchronous oscillations in the 
system [92]. These events in various combinations are a subset of the 121 
simulated scenarios to sufficiently display the GFM characteristics current 
under faults. Appendix A8 (Figure A 4) describes each scenario ordered in 
ascending 𝑍 value with its explicit 𝑅Fact and 𝑋Fact.  

The load model implemented is of shunt type, i.e., small impedance leads 
to large currents, implies large load and vice versa. The currents are 

displayed in pu with nominal continuous value 𝐼n = 1.183   , calculated in 
(4.8). The voltage displayed is also in pu for a 50    system. The simulated 
scenarios are identical to sub-section 4.3.3.2 with unrestricted Phase 2 PRP 
to exhibit a contrast in responses with and without current limit control. 
Please note that the sequence of events selected with the shunt load display 
island operation (𝑡 ≥ 2  ec) including short-circuit with 0 pu residual 
voltage at PCC considering impedance factor of 𝑅Fact = 0.001, 𝑋Fact =
0.001 and 𝑆𝐶𝑅 = 0 event due load disconnected (22.5  ec ≤ 𝑡 ≤ 32.5  ec) 
with parallel operated converters. These disturbances constitute large 
events. Thus, ensuring stable Phase 3 PRP control operation and 
withstanding fault ride-through represents the control’s robustness in 
these challenging scenarios. 
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4.4.2 Results and inferences 

The solution of the 121 variants is displayed in Figure 4.20 to Figure 4.25. 
As seen from the voltage, current, and power tendencies, a steady-state 
operating point (Figure 4.24 and Figure 4.25) is achieved after each event. 
The considered parameter selection allows both the convert controls to 
approach a quasi-steady state asymptotically under the described 
circumstances with the examined control structure plots.  

The test network, with its events, describes a set of challenging scenarios 
to assess the transient and steady-state current limitation under the 
influence of two converters. The control’s robustness is assessed by 
evaluating responses considering wide ranges of load parameters and their 
interaction. The connection of CON1 with slack is for initial 
synchronization with the network followed by its disconnection resulting 
in the creation of a weak system or island complete IBR dominated. The 
time span 𝑡 =  22.5  ec to 𝑡 =  32.5  ec with the load disconnection and 
both converters in operation corresponds to a network with 𝑆𝐶𝑅 =  0. The 
connection of CON2 at 𝑡 = 12.5  ec describes the differential mode since 
CON1, in an already connected state, reacts to the event in a stabilizing 
manner and eventually shares the load power with CON2. Whilst the event 
at 𝑡 = 22.5  ec describes common mode when both converters have 
matching contributions to the event.  

Under dynamic events, the evaluation of Phase 3 PRP, due to implemented 
current limiter scheme, may be segregated into the steady-state and 
transient responses. The steady-state response is visible under all loading 
conditions with the attainment of maximum values of 1 pu peak current for 
both converters. The corresponding results of Phase 3 PRP with different 
loadings are shown in Figure 4.20 to Figure 4.25. Examining the trends with 
larger loads (small 𝑅 and 𝑋 values), it is noticeable that a significant voltage 
drop results leading to a temporary overcurrent with a peak value ≥  1.2 pu. 
Inspecting the peak currents in Figure 4.20 and Figure 4.21 shows that the 
maximum peak occurs due to the connection of CON2 or the unrealistic 
load (small 𝑅 value with smaller 𝑋 value) connected to the system; however, 
the temporary overcurrent values are well below 1.5 pu. The maximum 

peak current (𝐼) as a function of scenario’s impedances (𝑅 and 𝑋 values) are 
plotted in Figure 4.26 and Figure 4.27. displaying values < 1.5 pu. The 
connection of CON2 results in an interaction with CON1 and a resulting 
differential mode between them. Connection of large loads is performed to 
establish control’s robustness. 
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Figure 4.20: CON1 current space vector magnitude (𝐼) responses with current limiter for 
various shunt impedance values (121 cases) and no reference change. 

 
Figure 4.21: CON1 current space vector magnitude (𝐼) responses with current limiter for 
various shunt impedance values (121 cases) and no reference change. 
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Figure 4.22 : CON1 voltage space vector magnitude (𝑉̂) at MEAS1 node with current limiter 
for various shunt impedance values (121 cases) and no reference change. 

 
Figure 4.23: CON1 voltage space vector magnitude (𝑉̂) at MEAS2 node with current limiter 
for various shunt impedance values (121 cases) and no reference change. 
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Figure 4.24: Frequency drift in converter control CON1 (𝜔𝑑𝑟) with current limiter for 
various shunt impedance values (121 cases) and no reference change. 

 
Figure 4.25: Frequency drift in converter control CON2 (𝜔𝑑𝑟) with current limiter for 
various shunt impedance values (121 cases) and no reference change. 
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The highest peak current (𝐼) is 1.45 pu at CON1 (Figure 4.26) when CON2 
is connected with load values (𝑍) of 𝑅Fact = 5.0,  𝑋Fact = 0.001, as a result 

of the differential-mode. Whereas at CON2, the highest 𝐼 is 1.37 pu (Figure 
4.27.) with load connection as a disturbance event with 𝑍 of 𝑅Fact =
0.001, 𝑋Fact = 2.0. The maximum duration for the peak value is ca. 40 msec 
with 𝑅Fact =  0.001, 𝑋Fact =  2.0 resulting due to the switching on CON2. 
The detected temporary transient overcurrent value (max. 1.45 pu) may 
result in an oversizing of the converter for certain network conditions, 
depending on the permissible peak/continuous current ratio of applied 
semiconductors. It is a necessary bargain for stability and outweighs the 
price aspect. Furthermore, the peaks due to such high-power resistors are 
not encountered in reality. In the power system, typical loads are inductive, 
and in small-signal theory, loads are also inductive in nature. Therefore, 
considering and evaluating typical inductive loads with power factor (PF) 

0. 5 the peak value is 𝐼 = 1.15 pu, while with a PF of 0.8 the 𝐼 = 1.05 pu. 
These values are well within the trip levels of 1.2 − 2.0 pu of the nominal 

continuous current (𝐼n) [48, 50–53].  

As described in Table 4.9, the network considered is highly undamped, 
with Q-factor ≥  1000 depending on the connected loads. The Q-factor 
determines the damping response of a system, where an underdamped 
system is described with higher values and vice-versa. The control response 
demonstrated does not rely on passive damping and is resilient to the 
weakly damped DC component. Post transient current overshoot, the 
phase current magnitude is well maintained within 1.0 pu (Figure 4.20 and 
Figure 4.21). The active and reactive power flows are visible in Figure A 17 
to Figure A 20 of Appendix A10. The necessary reactive power supply is 
maintained and determined by the ratio of the impedances between the 
converter node and PCC as required by grid code upon the voltage drop. 
Furthermore, the control response is sufficiently fast and requires approx. 
500   ec (𝑅Fact =  0.001, 𝑋Fact =  5) to restore its  0 % normal operational 
voltage evaluated form Figure 4.22 and Figure 4.23. Please note that the 
performance values mentioned above are for the worst-case scenarios, and 
the full spectrum of scenario values are displayed in the figures. 

Due to the wide range of load impedance (𝑍) parameters, an essential 
observation is the dominant influence of the reactance (𝑋). It creates a 
more significant voltage drop and results in critical events than a dominant 
resistive (𝑅) part of an impedance. It can be remedied with higher reactive 
voltage with small phases to remain small-signal stable.  
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Figure 4.26: Maximum 𝐼 for CON1 as a 𝑓(𝑅, 𝑋) in each of the 121 scenarios. 

 

Figure 4.27: Maximum 𝐼 for CON2 as a 𝑓(𝑅, 𝑋) in each of the 121 scenarios. 
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The new and improved current control methodology is applied on voltage 
magnitude. The orthogonal part (quadrature component 𝑉q) has negligible 

impact on the voltage magnitude under small phases. Therefore, the 
implemented limitation with PRP helps to stabilize critical scenarios. As 
mentioned in Section 3.1, the PRP acts on the phase part of the rotational 
voltage, thus creating stabilizing reaction to events where the resistive 
characteristics of the load are dominant. In contrast, the current limit 
control is applied to the voltage magnitude. A dominant resistive load 
results in increased phase difference, while a dominant reactance results in 
a significant drop in voltage magnitude. However, the effects are no longer 
decoupled for an impedance with substantial contributions from both 
resistive and inductive facets. To address a broad spectrum of network 
loading conditions and control interaction, the parameter selection is 
performed as a comprise between the stability and dynamics in all 
investigated cases, keeping in mind one set of parameters has been 
considered for all scenarios.  

Comparing the response with Section 4.3.3.2, where Phase 2 did not include 

a current limitation control, the 𝐼 in Phase 3 is reduced significantly. The 
steady-state current is limited to the designed rated value. The unrestricted 

response of Section 4.3.3.2 displays 5 − 7 pu 𝐼 (Figure A 7 and Figure A 8) 
with corresponding high powers (Figure A 9 and Figure A 10). An apparent 
reduction in the power flows (Figure A 17 to Figure A 20) is also visible with 
limits. Due to the additional enhancements in the overall Phase 3 control 
structure, the frequency deviations (𝜔dr) are also improved (Figure 4.24 
and Figure 4.25). The unrestricted Phase 2 PRP displays a direct correlation 
to the largest load creating the most significant frequency deviations. 
However, due to the controlled responses in Phase 3, the 𝜔dr is minimized. 
The control response is stable and shows a resilient performance under 
challenging conditions. Additional discussion on current limitation 
implications is presented in Section 5.3.  

4.5 Response of complete Grid-Forming control  

As a concluding test, a sequence of dynamic events is performed on the 
Phase 3 control (Figure 3.14) considering current limits and setpoint 
changes. The test describes the overall dynamic performance of the control 
by restoring the network frequency to nominal. The network conditions are 
identical to Section 4.4, with test bench in Figure 4.17 and parameters given 
in Table 4.10 for two cases. A realistic load impedance (pu) based on power 
factor (PF) of 0. 5 with 𝑅Fact =  , 𝑋Fact = 2 and PF of 0.80 with 𝑅Fact = 7,
𝑋Fact = 5 is considered. The sequence of events is similar to Section 4.4, 
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with the additional events of reference changes (𝑃ref). It ascertains the 
nonlinear Phase 3 control’s stable response under both small and large 
events. The event sequence for the concluding test are as follows: 

• The connection of first converter (CON1) and its synchronization is 
performed at 0.5 sec with an initial reference value of 0.0 pu.  

• The slack is disconnected at 2.0 sec. 

• The following event is the load connection at PCC at 2.5 sec with a 
case-specific power factor. 

• The reference value 𝑃ref1 of CON1 is changed from initial values of 
0.0 pu at 7.0 sec. 

• The second converter (CON2) is connected and synchronized at 
12.5 sec with a reference value of 0.0 pu. 

• The reference value 𝑃ref2 of CON2 is altered from the initial values 
of 0.0 pu at 17.0 sec. 

• The load (shunt impedance) is disconnected at 22.5 sec. 

• Subsequent reconnection of the load is performed at 32.5 sec. 

• Both 𝑃ref1and 𝑃ref2 are switched back to 0.0 pu at 38.5 sec. 

The complete simulation run is for 40 sec. The control sampling frequency 
is 10    , and the simulation time step for the whole system is 10 μ ec in 
EMT domain using PSS®NETOMAC. 

4.5.1 Simulated scenario 

Case 1: This case depicts the load with PF 0. 5 and asymmetrical reference 
change values. The reference value 𝑃ref1 of CON1 is changed at 7.0 sec from 
0.0 pu to 𝑃ref1 =  0.811523 pu. The reference value 𝑃ref2 of CON2 is altered 
to 𝑃ref2 =  0. 51523 pu from the initial values of 0.0 pu at 17.0 sec. Both 
𝑃ref1and 𝑃ref2 are switched back to 0.0 pu at 38.5 sec. The test bench 
parameters and results are tabulated in Table 4.10. 

Case 2: This scenario exhibits realistic inductive load with PF 0.80 with 
symmetrical reference change values. The simulated scenario is identical to 
the previous case of load with PF 0. 5. However, the reference values are 
turned to 𝑃ref1 = 𝑃ref2  =  0.540 pu to match the different load value and 
hence reduce the frequency deviation to 0.0 pu. The network parameters 
and results are provided in Table 4.10. 
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The simulated scenario displays the reference value changes to attain 
nominal frequency with current limits under realistic loading conditions, 
with both converters tuned to unequal (Case 1) and equal (Case 2) reference 
values. 

4.5.2 Results and inferences 

The comparative responses are visible in Figure 4.28 and Figure 4.29, 
displaying the events of interest. Both the scenarios present the attainment 
of steady-state and frequency evolution (𝜔) since it is uniquely defined 
under steady-state only (Taylor series definition). The enhanced concept 
imports the global stability of Phase 1 PRP with apt choice of parameters 
and when conferring to the coupling-transformer impedance relation. 
Steady-state is achieved within a certain range of frequencies close to 
nominal frequency (𝜔n) due to the choice of active power setpoints and 
control parameters. 

The connection and disconnection of 𝑍 and the disconnection of grid 
equivalent are disturbance events. The two converters immediately 
respond to the disturbance and share the network loading. Case 1 utilizes 
asymmetrical reference values with additional active power contribution 
due to 𝑃ref1  =  0.811523 pu and 𝑃ref2 = 0. 51523 pu as in Figure 4.28 (d). 
Without additional reference change, the contribution is equal from 
converters in Case 1. The frequency drift (𝜔dr) development is visible in 
Figure 4.28 (c), with 0.0 pu deviation with tuned 𝑃ref1 and 𝑃ref2 from 
1 .5  ec ≤ 𝑡 ≤ 22.5 sec and 32.5  ec ≤ 𝑡 ≤ 38.5  ec. In contrast Case 2 
describes symmetrical reference changes of 𝑃ref1 =  t  𝑃ref2 = 0.54 pu 
resulting in equal power share from both converters to minimize 𝜔dr as 
seen in and Figure 4.29 (e). The control achieves 𝜔n under the effects of 
setpoint change with dedicated parameters in both cases and are 
demarcated in grey. Non-zero 𝜔dr result from unsuitable active power 
setpoints and 𝐹n (50 𝐻𝑧) of the test bench is not attained. The steady-state 
current is limited to 1.15 pu with additional setpoint adaptation (Figure 
4.28 (b) and Figure 4.29 (b)), and converter voltages (𝑉CON) are controlled 

at 1.15 pu (Figure 4.28 (a) and Figure 4.29 (a)) due to the development of 
the disturbance event. The temporary transient overcurrent with a peak 

value 𝐼 of 1.23 pu for 5.0   ec is visible at the disturbance inception in 
case 1 (marked as ‘Peak’ - Figure 4.28 (b)). With a load of PF 0.80 or 

dominant inductive behavior displays a transient peak (𝐼) of 1.15 pu.  

Typical protection trip levels are around 1.2 − 2.0 pu [50, 53, 145] with trip 
periods of only a few milliseconds (< 20   ec) [146]. The simulated peak 
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results are well within this range. Thus, the scenarios depict the 
superposition of response to disturbance (Phase 1) with Phase 2 PRP to 
eliminate 𝜔dr with an appropriate choice of parameters considering 
current limits. The Phase 3 configuration demonstrates that the control 
scheme is viable, with effective active and reactive power sharing and 
resulting in a steady-state operating point despite the current limitation in 
a realistic system. 

Table 4.10: Parameters and results for the simulation scenario with network loading of 
𝐏𝐅 = 𝟎. 𝟗𝟓 (Case 1) and 𝐏𝐅 = 𝟎. 𝟖𝟎 (Case 2). 

Network parameters Unit Case 1 Case 2 

𝑋C1 and 𝑋C2 (as 𝑋C) pu 0.1 0.1 

𝑋T1 and 𝑋T2 pu 0.1 0.1 

𝑅T1 and 𝑅T2 
pu 1.E-9 1.E-9 

𝑅L  pu 𝑋C ∗   𝑋C ∗ 7 

𝑋L  pu 𝑋C ∗ 2 𝑋C ∗ 5 

CON1 - 𝑃Pref1  pu 0.811523 0.54 

CON2 - 𝑃Pref2  pu 0.951523 0.54 

Results (𝟏𝟔. 𝟓 𝒔𝒆𝒄 ≤ 𝒕 ≤ 𝟐𝟐. 𝟓 𝒔𝒆𝒄 ) – setpoint changes  

𝜔dr 𝜔n⁄  (Analytical)  pu 0.0 0.0 

𝜔dr 𝜔n⁄  (Simulative)  pu 0.0 0.0 

∆𝜔 𝜔n⁄   pu 0.0 0.0 

𝐹  Hz 50.000 50.000 

𝑃CON1 – Active power  MW 0.81369 0,542104 

𝑃CON2 – Active power MW 0.953891 0,542104 

𝑃LOAD – Load power  MW -1. 783836 -1,08463 

𝑄LOAD – Load power Mvar -0,585698 -0,783038 

|𝑉̂|
CON1

 – Voltage  pu 1.150000 1.150000 

|𝑉̂|
CON2

 – Voltage  pu 1.150000 1.150000 

|𝑉̂|
MEAS_C1

 – Voltage  pu 1.115100 1.110165 

|𝑉̂|
MEAS_C2

 – Voltage pu 1.114200 1.110165 

|𝑉̂|
PCC

 – Voltage  pu 1.108500 1.072517 

|𝐼|
CON1

 – Current  pu 0.799183 0.623655 

|𝐼|
CON2

 – Current  pu 0.915900 0.623655 
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Figure 4.28: Responses with realistic 
loadings for Case 1 

Figure 4.29: Responses with realistic 
loadings for Case 2  

(a) Voltage space vector magnitudes; 
(b) Current space vector magnitudes; 
(c) Frequency drift in converter control (𝜔dr in CON1 and CON2); 
(d) Active power reference (𝑃ref1, 𝑃ref2); 
(e) Converter power flows; 
(f) Load’s active and reactive power; 
(g) Network frequency with (𝐹n = 50 𝐻𝑧). 
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4.6 Chapter summary  

This chapter illustrates and discusses the simulative results evidenced by 
the analytical deductions. It verifies the foundation of a novel GFM 
converter concept achieving steady-state frequency and ensuring global 
stability. The development of the operating point via the control principle 
is visualized via simulations of a basic, inductive network. Applying the 
‘Existence Theorem’ helped to establish the necessary and sufficient 
conditions for obtaining an operating point. By the application of linearized 
theory for small-signal stability investigations, evidence for the Phase 
Restoring Principle (PRP) is highlighted under two network topologies and 
encompassing global stability. The ability to attain the shortest path 
displays uniqueness for the nonlinear scheme corresponding to the regular 
operating point from the two possible solutions. Additionally, the control 
achieves stability independent of network parameters if the constraint on 
𝑋T is obeyed. Furthermore, Phase 1 PRP demonstrated that RMS results are 
similar to positive sequence EMT phasor simulation results, as expected in 
the network’s case of constant frequency conditions. 

The extension of Phase 1 or the base structure of PRP to incorporate the 
active power control (APC) assists in arbitrary power dispatch and 
cooperation with other active sources. Numerical simulation results 
confirm that the proposed control inherently by choice of gains prioritizes 
the response to disturbances over setpoint changes. Thus, the response to 
disturbance or inertial support and APC, the two key aspects of GFM 
control mentioned by various grid code requirements are realized in this 
scheme. This modified Phase 2 control scheme is no longer restricted to 
Converter Operated Power System (COPS). Stable operation with other 
devices with setpoint adaptions is envisaged for single and two converter 
configurations. PRP with active power control in multiple converters work 
jointly to find a steady-state operating point according to load 
requirements. The control can achieve nominal frequency by using 
properly tuned weighted gain ‘𝑐’ (power frequency droop) and dedicated 
control parameters. Additional modification to the APC is performed by 
supplementing a self-stabilizing drop 𝐾2, which allows for displaying 
control stability under a variegated panorama of network loading 
conditions. The obligatory DC compensation is incorporated and part of 
the complete control development. A stable response is obtained by 
cascading a differentiator with a double integrator system for power 
balance with step-responses comparable to a 1st order transfer function 
response. The Phase 2 responses are additionally corroborated in both EMT 
and RMS domains and are comparable.  
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After assessing the stability of the unrestricted Phase 2 control, the 
necessary augmentation for the current limitation strategy is performed, 
and a stable response over a wide range of network loading conditions is 
obtained. The stability of a linear system does not depend on the size of a 
disturbance. Therefore, a linear system, which is stable for a small 
disturbance, is also globally stable for any large event. Considering the 
previously established small-signal stability, large disturbances on the 
Phase 3 control scheme are performed. These include three-phase faults 

(𝑋 𝑅⁄ ≥ 1), islanding, maximum phase jumps (pure 𝑅), etc., under weak 

grids. As PRP is nonlinear, its stability is established under both small and 
large disturbances. The simulation results accentuate that an impedance 
with a dominant reactance component (𝑋) causes a more significant 
voltage drop and is more critical than a dominant resistive component (𝑅) 
under a wide range of load parameters. This issue can be expiated by 
increasing the quadrature part of voltage while keeping the phase small to 
maintain small-signal stability. The quadrature part has a negligible impact 
on the voltage magnitude under small phases. While the implemented 
current limiting methodology controls voltage magnitude. PRP acts on the 
phase or quadrature component of the voltage stabilizing critical scenarios 
where the resistive element in the load is dominant. However, the effects 
are no longer decoupled when both resistive and inductive elements are 
present. The parameter selection is based on optimal performance under 
one set of values for all cases to ensure stability under all investigated 
dynamic scenarios. Additionally, the present current limiting technique 
functions as a saturation limiter with enhanced anti-windup elements and 
maintains PRP’s original control strategy as a simple, elegant control 
development approach mentioned in Section 3.5. The robustness of the 
control is ensured under a single set of parameters with current limitations 
in two converter interaction. The highest transient peak current is 1.45 pu, 
while steady-state value is limited to 1.0 pu.  

Since some of the events simulated were idealistic, a conclusive test of the 
Phase 3 control with realistic distribution loads of PF 0. 5 and 0.80 are 
performed to validate the stable control response. The event included 
additional setpoint modifications and the previous disturbances. The 
transient peaks are at 1.2 pu and hence well within typical semiconductor 
protection limits. The Phase 3 scheme achieves a steady-state and can 
restore nominal frequency with tuned reference values.  
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5 Characterization and discussion on  hase 
Restoring  rinciple 

To define the Phase Restoring Principle’s capabilities as a GFM resource, 
added services, performance, test procedures, and comparison are 
necessary to characterize this resource’s capabilities to serve various system 
requirements. GFM converters schemes are still under development, and a 
complete understanding of the capabilities of each methodology is 
necessary to meet the system requirements. The prime purpose of this 
chapter is to ascertain system perspective requirements, including the 
implications of hardware limitations on PRP, and to understand the extent 
to which grid code procedures can be fulfilled. The first part of the chapter 
provides a phase-frequency comparison of PRP with typical voltage sources 
in Section 5.1, followed by its comparison with known GFM concepts in 
Section 5.2. Section 5.3 discusses the Phase 3 control performances with 
current limitations to better judge the control scheme with the GFM 
requirements. Additionally, the fundamental features of PRP are presented 
in Section 5.4. Section 5.5 abridges the chapter. Segments of this chapter 
are published in conference paper C1 and C13, as presented in Table A 7. 

5.1 Comparisons of phase-frequency responses  

A slack is an ideal voltage source characterized by constant phase and 
frequency, providing an exemplary power system response. Its closest 
equivalent is an ideal machine with infinite inertia and time constant.  

The principle of PRP prioritizes the response to perturbations over 
setpoints and aims to reach the future steady-state operating point through 
a direct trajectory. Therefore, to demonstrate the performance and 
behavior of PRP dynamics, compared against known typical source 
dynamics, the connection of a significant load is employed as a simulation 
event. The performance of a source as a slack, a GFM converter with Phase 1 
PRP as the source element, a synchronous machine with both infinite and 
finite inertia, and an ideal PLL are contrasted through analysis of both 
short-term dynamics (until 120 msec) and long-term dynamics (until 
600 msec) in a test environment. Riemann sheets are constructed based on 
the time curves for the long-term dynamic response to assist in describing 
and visualizing the reactions.  dditionally, the effect of a machine’s field 
time constant and inertia response on voltage stability concerning stability 
in small-signal domain is emphasized. 
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Figure 5.1 presents the circuit configuration of the test bench to 
demonstrate the PRP principle against established sources. The test setup 
is analogous to the network configuration illustrated in Section 4.1 to 
display the global stability conditions of PRP. The network layout is 
representative of a weak grid scenario, consisting of a basic source and load 
connected at the PCC with coupling and transformer impedances 
(𝑋C and 𝑋T) and an intermediate measurement node (MEAS). The 
synchronous machine’s equivalent sub-transient impedance (𝑥d

′′ = 10 % ) 
is matched to the converter coupling impedance to establish a comparable 
scenario. The network parameters are detailed in Table 5.1. At 𝑡 = 5.04  ec, 
the load ‘𝑅’ is switched, generating a disturbance event. Prior to the load 
connection, the source (𝑉Source) is in phase with the PCC node. The 

connection of the load (𝑅) results in a post-event voltage drop at the PCC, 
and the voltage phase at PCC (𝑉PCC) lags the source (𝑉Source).  

Table 5.1: Electrical test bench parameters. 

Network parameters Symbol Value 

Nominal Voltage (LL) 𝑉n 0.69 kV 

Nominal frequency 𝐹n 50 Hz 

Coupling impedance 𝑋C 0.1 pu 

Transformer impedance 𝑋T 0.1 pu 

Load resistance 𝑅 0.1 pu 

 

Figure 5.1: Test bench for comparison of sources. 
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Performance time curves of PRP as a GFM source are evaluated against a 
slack, a synchronous generator with two inertia configurations (𝐻 =
 ∞ and 5  ec), and an ideal PLL with a source element (𝑉Source) on the cited 
test bench, utilizing the software tool PSS®NETOMAC in EMT domain. 

5.1.1 Short-term dynamic response 

As illustrated in Figure 5.2 (a and c), a comparison of slack and PRP 
responses reveals similar trajectories with comparative phase gradients up 
to 20 msec. However, as the phase of the measurement voltage (𝑎𝑟𝑔MEAS) 
returns to its initial value due to the control action, PRP displays a higher 
Nadir frequency than slack. The slack settles at its new operating point after 
50 msec post-event. Nevertheless, PRP, with slower dynamics resulting 
from its choice of control parameters, attains steady-state after 110 sec, as 
depicted in Figure 5.2 (c), with the same phase difference between the 
MEAS node and PCC as in slack. A machine’s initial 2-3 cycle response 
during an event (phase shift) results from field time constants and is 
identical in Figure 5.2 (b) and Figure 5.2 (d). The decay time of the field 
current is influenced by the sub-transient time constant (𝑇d

′′). As 
elucidated in Section 5.1.2, the inertial and steady-state response becomes 
apparent after this period. Analyzing the curve tendencies of PRP reveals 
that its initial change in phase gradient enables it to settle to a stable 

 
Figure 5.2: Voltage argument for short-term dynamic responses of (a) Slack; (b) Machine 
(𝑯 = ∞); (c) PRP; (d) Machine (𝑯 = 𝟓 𝐬𝐞𝐜). 
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operating point with increased rapidity than a machine, which exhibits a 
divergent behavior due to its 2nd-order swing dynamics. The overshoot at 
5.05 sec in all plots results from large load dynamics.  

5.1.2 Long-term dynamic response 

The requirement for leading phase response at the source node with 
respect to the PCC arises due to the connection of an ohmic-inductive load 
as an event. The long-term responses of the source models in the topology 
depicted in Figure 5.1 are analyzed and evaluated. Applying the concept of 
Riemann Sheets from complex function theory facilitates the visualization 
and analogizing of the source models’ responses to disturbances in the 
context of PRP-based GFM control. Each white-blue sheet in Figure 5.3 (b), 
Figure 5.3 (f) or Figure 5.3 (h) is interpreted as a plane of constant frequency 
encompassing phase values between  𝑘2, 𝑘 ℤ (where ℤ represents 
set of all integers). At steady-state, the operating point resides on the main 
sheet (𝑘 =  0); however, in the event of a slip frequency, the phasor will 
traverse the sheets. At steady-state, the PRP is considered equivalent to a 
slack or infinite source, while during transients, the response is 
differentiated against an idealized PLL with no additional control in the 
converter source. 

A slack is modelled as an ideal voltage source with a constant phase in an 
electrical network. The behavior of the slack in the specified network 
topology is simulated and depicted in Figure 5.3 (a) with the post-event 
steady-state phasors in Figure 5.3 (b). Prior to the event, the phasors of the 
slack (argSLACK), measurement (argMEAS) and PCC (argPCC) nodes are 
aligned in phase. However, post-event, while the phase at the slack 
(argSLACK) remains fixed and thus unchanged, the measurement (argMEAS) 
and the PCC (argPCC) phases experience a shift and lag in relation to the 
slack node based on the impedance ratios as portrayed in Figure 5.3 (a) and 
Figure 5.3 (b). The phase difference (∆𝜑 =  3.432°) between argSLACK and 
argPCC provides the total network solution and not absolute phase values 
at the nodes. As a result, slack source (𝑉SLACK) leads PCC (𝑉PCC) post-fault. 

The PRP response is illustrated in Figure 5.3 (g) and Figure 5.3 (h), which 
portrays that both source (argCON) and PCC (argPCC) are in phase pre-fault. 
Upon load connection, the measurement phase (argMEAS) remains fixed 
and hence constant, whereas the source phase (argCON) leads and the PCC 
phase (argPCC) lags with respect to the measurement node (argMEAS). Thus, 
PRP demonstrates a leading source phase in accordance with network 
requirements. The network solution is established through the phase 
difference (∆𝜑 =  3.432°) between PRP (argCON) and PCC (argPCC).  



5.1 Comparisons of phase-frequency responses 

153 

 

Figure 5.3: Dynamic and post-event voltage argument responses for different sources. 
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The steady-state response of both slack and PRP configurations, prior to 
and after a disturbance, exhibits similarities in phase and lie on the same 
plane due to the evolution of constant frequency. In PRP, constant 
frequency is maintained by restoring the measurement node’s phase, while 
in slack, the source node remains fixed. The network solution or phase 
difference (∆𝜑) between the source (slack or PRP) and PCC in both 
configurations remains equal post-disturbance due to the development of 
an identical load flow solution. Thus, highlighting that only the phase 
difference (small-signal) is controllable, not the absolute phase. Due to the 
comparable responses of PRP and slack, generating constant frequency and 
inducing the same relative phase responses (∆𝜑), it is reasonable to 
attribute PRP with infinite inertia from frequency perspective. This 
comparison underscores the importance of considering phase difference as 
a criterion in the design of GFM controllers and renunciation of absolute 
phase reference. As described in Appendix A12, each load flow remains 
unchanged with the addition of any constant value to the phase of any node 
voltage. 

The long-term dynamics of a SM reveals the inherent inertial response of 
the rotating mechanical components. An idealized SM with infinite inertia, 
as depicted in Figure 5.3 (c), displays a steady-state response delayed by the 
field time constant and is devoid of non-beneficial dynamical swing. 
Conversely, a machine with a realistic inertial value (Figure 5.3 (d)) 
experiences an initial drift due to swing dynamics that is subsequently 
adjusted by the governor and exciter dynamics. Thus, the smaller the 
inertial time constant, the quicker the divergence, resulting in higher 
dynamics and stability challenges in the power system (referred to as small-
signal stability). This phenomenon is evident in Figure 5.3 (c) and Figure 
5.3 (d) at 5.4 sec, where the machine with 𝐻 = ∞ attains a steady-state. In 
contrast, the machine with 𝐻 = 5  ec undergoes a short-term divergence 
due to the initial swing, ultimately leading to power oscillations. A machine 
with infinite inertia is analogous to a slack in its long-term dynamic 
behavior and, by extension, comparable to a PRP. Also, SM with finite 
inertia is not globally stable and is not a paradigm for global stability of a 
converter control. Besides, SM is stable in many aspects but not in all [147].  

To provide further insight into Phase 1 PRP under transient conditions, a 
comparison between the response of PRP and an ideal PLL is performed, as 
both systems exhibit similarities at a functional level. PRP operates on the 
phase difference and incorporates the 1st term of the Taylor series, which 

represents instantaneous frequency, ∆𝜗 d𝑡⁄ . Conversely, an ideal PLL 
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without additional control features follows the power system response or 
the lagging measurement phase (argMEAS) and does not offer a conducive 
response to disturbance under a weak or island grid scenario. As a result, 
PLLs require further modification to provide a robust response to 
disturbances in weak grids or systems dominated by converters. Numerous 
studies have been published in this field to address this issue [41, 148, 149].  

Pre-event, the PRP and PLL voltage phasors are aligned on the same plane. 
As depicted in Figure 5.3 (e), the dynamic response exhibits a downward 
spiral movement or runaway effect upon load connection. Similarly, a 
downward movement is illustrated in Figure 5.3 (f). An ideal PLL under 
disturbance will experience either a spiraling upward or downward trend 
on the yellow sheet or plane, corresponding to an increase or decrease in 
frequency, with no stabilizing influence. To achieve steady-state or 
synchronism in conventional PLL-based converter control, it is necessary 
to incorporate an additional control block in conjunction with the PLL. 
Hence, an ideal PLL exhibits a runaway effect during an event that follows 
the network frequency, serving as a pure observer with no controllability. 
Thus, leading to a lack of stabilizing response in weak power grids. 

PRP is characterized by its self-stabilizing property, achieved via a minimal 
control order. The response to disturbances is stabilizing as a result of a 
novel transformation implemented in the PRP control scheme, operating 
directly from pre-event to post-event in the control loop. As a result, it can 
effectively achieve the desired future operating point, as depicted in Figure 
5.3 (g). Thus, the design feature displays limited Vector Shifts (Figure 
5.3 (h)) and a constant frequency, enabling the response to remain on the 
same plane post-disturbance. The interpretation of Figure 5.3 (f) in the 
context of PRP highlights the association of the drift frequency 𝑓dr and 
phase 𝜗dr determines the rate of movement on the spiral plane [21].  

Table 5.2 and Table 5.3 provide an overall comparison of PRP from a 
functional level and source point of view based on three key performance 
indicators (KPIs), respectively. The notation in the table indicates, 𝜙0 is the 
load flow phase or constant part and 𝜙(𝑡) is the general phase as in (3.1). 

Table 5.2 : Comparison of PRP at functional level. 

Functional point of view Control of phase (𝝓(𝒕)) 

Phase Restoring Principle (PRP) Yes 

PLL (observer) No 
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Table 5.3 : Comparison of dynamic responses (up to 1 2⁄  sec range) of PRP to typical 
voltage sourced models. 

Source point of 
view 

Active control of phase (𝝓𝟎) Control of 
frequency 

Swing 
(frequency 
overshoot)  CON/SLACK MEAS 

Slack Fixed No Fixed No 

Machine without 
control (𝐻 = ∞) 

- No Fixed  No 

Machine without 
control (𝐻 = 5 𝑠𝑒𝑐) 

- No No Yes 

Phase Restoring 
Principle (PRP) 

Yes Fixed Fixed No 

     

5.2 Comparison of Phase Restoring Principle with other 
Grid-Forming Methodologies 

Several GFM concepts are under research and display their characteristic 
behavior to meet the system’s needs. Hence understanding the advantages 
of each control scheme is vital. The emerging PRP concept is contrasted 
and discussed against well-known Droop (Figure 2.4) and Virtual 
Synchronous Machine (Figure 2.5) GFM schemes. Each control 
methodology is implemented in the IEEE 9-bus test system in the EMT 
domain to highlight their characteristics in the network with a high 
proliferation of renewables (>   . 7 %). Details of the test bench and 
scenario are available in Appendix A11.  
Each control approach provides inertia support and ensures stability under 
disturbance. For a better comparison, the inertial PRP response without 
APC and current limit activation or Phase 1 is evaluated against Droop and 
VSM, to create a reasonable comparison at the functional level. The 
reaction of each scheme after generation loss of SRC 3 (machine) is 
displayed in Figure 5.4. Both Droop and VSM return to a lower operating 
point after the disturbance, whereas PRP increases its active power 
contribution, as visible in active power plots of Figure 5.4, displaying better 
support to the grid. Droop- and VSM-based controls exhibit similar 
responses as discussed in Section 2.1.2.2. With its reduced control order, 
PRP features its prioritizing response to disturbance over setpoint changes 
with higher participation under disturbance. Hence, PRP may serve as a 
viable alternative. Additional details on this test scenario and deeper 
analysis is available in [32]. The voltages displayed in the plots are peak 
line-to-ground values where, 𝑉LL = 230  V.  
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5.3 Deliberation of Phase Restoring Principle with 
current limiting control 

The prime characteristic feature of GFM is defined as a voltage source 
behind an impedance with the provision of inertial response under regular 
operation. Support for maintaining power system stability is the utmost 
essential requirement for a GFM converter. The overall complexity of 
dynamics pertaining to low-inertia systems is well described through 
characteristic timescales presented in Figure 5.5. Conventional power 
systems based on SMs have a distinct difference in time constants for 
frequency and voltage regulation. However, with the inclusion of fast-
acting converter-based generation, the system dynamics become more 
complex and convoluted and may lead to unexpected couplings [20]. The 
voltage and frequency related dynamics in Figure 5.5 refers to the voltage 
and frequency regulation associated with controllers, respectively. A degree 
of association exists, but these are not directly correlated with the standard 
voltage and frequency stability terms [117], particularly regarding complex 
dynamics of weak systems. The main difference between conventional and 

 
Figure 5.4: Responses of Voltage at Bus 5, Active and reactive power at Bus 1 & 2 and 
dynamic load at Bus 5 in IEEE 9 bus system due to event (a) Droop; (b) VSM; (c) PRP. 
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low-inertia systems is the timescale of separation between the respective 
controllers of SMs and IBR, which leads to instability under high 
penetration [24, 150]. As seen in Figure 5.5, the inner control loop, which 
includes current limit control, defines the stability boundary limit of the 
cascaded structure, viewing from the GFM control requirement 
perspective. Therefore, grid-stabilizing behavior of GFM during grid fault 
or overload situations that exceed the converter’s current limits needs to 
be guaranteed. Therefore, a technical requirement of the GFM converter is 
the capability to contribute to system needs even in situations when the 
converter’s physical current and power limits are exceeded [7]. Due to the 
current limited nature of PE converters, GFM controls have to operate in 
abnormal operation modes in case of overload and grid fault situations [82, 
90, 92–96]. Therefore, GFM needs to be tested under different overload and 
grid fault conditions to ensure grid stabilizing behavior.  

Various fault scenarios include voltage-driven overload scenarios like over 
and under-voltage events. Phase-driven overload scenarios such as phase 
jumps, RoCoF events, and system split scenarios need to be addressed. The 
GFM should retain grid-synchronicity and inject stabilizing current for all 
these scenarios [80, 82, 90, 92–96]. With GFM, coupling of phase, and 
frequency need to be controlled for stabilization. A recently implemented 
grid code requires the GFM converters to inject reactive current into the 
power system in < 5   ec, when the voltage at PCC drops below 0.  pu [16, 
151]. During an event, frequency stabilization needs to be preserved, a trait 
of GFM that requires active power; however, the necessary share of power 
to stabilize the system is unknown. The only evident fact is the need to 
control frequency and magnitude of local voltage towards nominal 

 

Figure 5.5: Characteristic timescales of different physical and control dynamics in a low-
inertia system (modified and adapted from [150]). 
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conditions. It is not imperative that the reactive current alone is stabilizing, 
depending on the power system condition. During the short fault period, a 
suitable alternative would be to maintain the voltage source behavior of the 
GFM converter for the duration with a natural fault current response 
instead of controlling the output current of the GFM converter [50, 151]. 

The current limitation is not a system requirement but a curtailment that 
needs to be superimposed on the control. For a successful disturbance ride-
through and converter protection, the converter needs to withstand these 
overcurrents. A similarity may be drawn to the machine controller is the 
OEL, which essentially limits the field currents under steady-state. The 
OEL’s purpose is to restrict the field current value so that the generator 
operating point does not exceed the field current limit. Albeit under the 
transient time frame, the machine may be temporarily overloaded and 
deliver 5 − 7 pu of fault current [46, 48]. The high currents are delivered 
due to the superimposed field and swing dynamics [147] and are not system 
stabilizing requirements as discussed in sub-section 5.1. Furthermore, after 
the decay of the transients, the phase-frequency relationship of voltage 
needs to be maintained, or the machine slips away, known as rotor angle 
stability [117].  

The virtual impedance approach is the most prevalent and discussed 
method of current limit control in voltage-controlled or GFM converters. 
The converters, under disturbances, behave as a voltage source behind 
adaptive impedances. The voltage difference determines the output current 
vector angle and the 𝑋/𝑅 ratio of the virtual impedance. An accurate design 
of the 𝑋/𝑅 ratio is required to meet the fault current contribution 
requirement, which implicitly requires the power system impedance 
information across the entire frequency spectrum. Thus, the impedance 
needs to be defined over the full frequency range to ensure stability, and 
this is a challenging task. An alternative solution to relax this parameter 
selection requirement is combining the virtual impedance methods with 
the power reference adjustment method proposed in [152]. However, the 
voltage source behavior of the converter may be lost, implying the GFL 
condition [50]. 

In contrast, the voltage magnitude limiter combined with PRP does not rely 
on the precise impedance parameter values of the power system. PRP has a 
dependence on the inductive small-signal characteristic provided by the 𝑋C 
and 𝑋T reactances. Since the network is unknown, the current cannot be 
deduced; therefore, only voltage magnitude control is implemented. The 
angle spread with IBR is an outcome of 1-2 cycle dynamics (Figure 5.5). PRP 
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first minimizes the angle spread and thus helps attain the new operating 
point through the shortest path. Large angles lead to instabilities eventually 
approaching the irregular solution branch. The voltage magnitude control 
limits the current, whereas PRP performs voltage-frequency control for all 
voltage magnitudes, which is not apparent by all converter controls leading 
to current injections and instabilities. As mentioned in [29], frequency is 
associated with the linear part of the argument of the voltage space vector, 
the essential aspects of voltage stability [153], and PRP acts on the phase 
part of voltage implying frequency. Another, vital consideration of the 
current limiting mode of operation is the ‘stiffness’ factor of the voltage 
source emulated as a GFM converter, hinting at the control response time. 
The performance of many of the system services of the GFM converter relies 
on the stiffness of the source [7]. Therefore, the voltage magnitude limiter 
with PRP is tuned to react sufficiently prompt without compromising on 
stability. Additionally, the voltage source behavior with a natural current 
response is maintained in this scheme, as discussed in [50]. Simulation 
results for large disturbances under weak grid conditions, three-phase 
bolted faults, and islanding show both converters’ stable performance and 
low voltage ride-through (see Section 4.4).  

Furthermore, it is crucial to characterize GFM controls’ behavior during 
operation in the current limiting mode and the transition into and out of 
the current limiting mode. As discussed in [50], one main challenge in the 
fault recovery process is caused by the windup of voltage controllers. 
Hence, the realized voltage magnitude limiter includes the anti-windup 
methods such as a Flip-Flop and counter with unique conditional triggers 
to enable the GFM converter control to recover from the undesired current 
saturation. The current limitation control loop is restored to its normal 
operation from the current limiting mode when disturbances are cleared.  

5.4 Characteristics of complete Grid-Forming control  

The following section summarizes the key findings of PRP-based GFM 
control. PRP is developed based on setting stability as the most crucial 
power system need as determined by NERC [31] and various working groups 
[7, 90]. Due to its novel angle transformation, PRP inherently creates a 
response according to the power system. Thus, generating and maintaining 
a constant voltage magnitude at normal ranges and a scaling in case of 
overcurrent at the IBR terminal. From control hierarchy, it prioritizes 
response to disturbances over response to setpoint changes. PRP attains 
synchronization, frequency stability, voltage regulation and damped 
response with minimal control order compared to the popular VSM. At 
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steady-state, the response is equivalent to a slack in frequency perspective. 
Thus, by fixing the phase at the measurement node (argMEAS), PRP delivers 
an infinite inertia frequency reaction to the power system under 
disturbance and fulfills one of the necessary attributes of a GFM converter. 
The response is free of the non-beneficial dynamical swing, damped, and 
attains the new operating point directly by displaying the limited Vector 
Shift criteria as proposed by National Grid, UK [16]. Vector Shift (VS) relates 
to a protection mechanism that monitors sudden changes in the mains 
voltage angle caused by a change in output from generating unit or demand 
connected to the network. Hence, the protection may respond quickly to 
network impedance changes during islanding [81]. PRP fixes the 
measurement phase and minimizes phase shift at the PCC and thus avoids 
unnecessary protection trips. 

Furthermore, the response of PRP is similar to a first-order system. Global 
stability is secured under independent variations of network parameters, 
with a suitable choice of controller values. Due to the active power control 
(APC), PRP can operate with other devices in the network, which is a 
central requirement for GFM, e.g., according to the UK Grid Code [16, 90, 
154].  

Another technical requirement of GFM is the capability to contribute to 
system demands in situations where the converter’s physical current and 
power limits are exceeded [7]. Due to the current limited nature of PE 
converters, GFM has to operate in abnormal operating modes in case of 
overload and grid fault situations. With the implemented voltage 
magnitude limited current control, PRP achieves this feature by preserving 
hardware limits. A consequence of this prioritizing property is considering 
frequency over power (load flow phase). Furthermore, the voltage source 
behavior, a higher critical requirement [50], is maintained. 

 

Figure 5.6: GFM converter characteristics (adapted from [92]). 
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Based on the discussion above, PRP correlates to GFM characteristics as in 
Figure 5.6 and satisfies most of the grid code requirements mentioned in 
Section 2.3 The essential qualities and services offered by the full scheme 
are as follows: 

• Global stability when meeting an impedance relationship (coupling-
transformer impedances)  

• Infinite inertia-based frequency response, damped and no oscillation 
due to direct path response. Overall cascaded control structure 
displays first-order system response 

• Limited phase or Vector Shift 

• GFM controller hierarchy, response to disturbances over response to 
setpoint changes 

• Control scheme provides multi-instance functionality allowing 
arbitrary dispatches with APC activation 

• Current limited response is robust and stable under normal 
operating ranges, severe faults and weak grid scenario maintaining 
voltage source behavior 

• Application includes converters interfaced with batteries or 
capacitor banks (as shown in Figure A 22 of Appendix A13) 

5.5 Chapter summary  

This chapter highlights the characteristic response and services delivered 
by the recently introduced control concept, the ‘Phase Restoring Principle’ 
(PRP), developed from the power system perspective. It is a basic block of 
a novel GFM control scheme based on attaining nominal frequency in 
reverse action to a PLL. Comparisons based on voltage source’s phase-
frequency responses and similar converter control applicable techniques 
are performed to describe the scheme’s benefits. The intention and 
significance of voltage magnitude-based current limiter on PRP scheme 
responses, a hardware limitation, is delivered.  

Initially, the Phase 1 PRP is compared against typical active voltage sources. 
Usually, a phase synchronized coordinate system such as a PLL is employed 
for synchronization and serves as a reference frame for the control design 
and is therefore designed to respond to setpoint changes. In contrast, 
Phase 1 PRP is self-stabilizing and demonstrates an equivalent behavior to 
a slack (for frequency only) since the power system frequency always 
returns to its nominal value. The response described in this chapter shows 
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PRP providing an ideal reaction to the power system under disturbance and 
outperforming a SM with its undesirable swing dynamics. This non-linear 
concept avoids the runaway effects produced by a PLL by directly 
participating in the power exchange caused by the disturbance and 
attaining the post-disturbance operating point with reduced or no 
additional higher-order control block. Thus, it is opposed to rotating in the 
direction of the standard dq frame of a PLL.  

On comparison of Phase 1 PRP with other GFM methodologies, all schemes 
provide inertial support and stable response. However, due to its 
distinguishing feature, PRP represents a faster and higher contribution to 
the event and may serve as a viable alternative to the upcoming GFM 
schemes. 

As mentioned in Section 2.3, an essential requirement of GFM is to 
maintain a constant magnitude and phase of the voltage within the 
transient time frame following a disturbance. If the voltage control 
bandwidths for regulation of the terminal voltage are sufficiently small, the 
control loops’ response time is slow, implying longer rise and settling times. 
Thus, GFM resources should maintain stability under low short circuit ratio 
(SCR) conditions and even ‘form’ grid voltage when necessary. The slower 
APC control dynamics are built over Phase 1 PRP in developing Phase 2 
control. With the current limit incorporated into the scheme, this Phase 3 
GFM control forms the grid and achieves a steady-state response under 
islanding and grid-tied scenarios. The voltage magnitude limited current 
control enables to respect of hardware limits with adequate speedy 
reactions. PRP minimizes angle spread to achieve a new operating point 
through the shortest path and helps avoid instabilities caused by large 
angles. Additionally, the voltage magnitude limiter with PRP is tuned to 
respond promptly to current output while maintaining stability. The 
voltage source behavior is maintained throughout the Phase 3 control 
scheme during the current limiting mode in operation and transitioning in 
and out, a demanded requirement. Anti-windup methods such as Flip-Flop 
and counter are included in the voltage magnitude limiter to support post-
fault voltage recovery. 

Lastly, PRP is fully GFM and satisfies several grid code criteria, hence 
forming the basis for building all additional control blocks over it. Its key 
features are summarized in Section 5.4 to provide a better overview and 
gauge the GFM IBR behavior. 
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6 Demonstration and validation of  hase 
Restoring  rinciple in real-time 

A real-time simulation is performed to experimentally demonstrate and 
validate the novel GFM control concept’s ability to stabilize an extended 
electric power system with other grid assets. The demonstration is 
performed in a realistic medium voltage direct-current (MVDC) network 
consisting of a high-fidelity, real-time simulator (RTS) using Power-
Hardware-in-the-loop (PHiL) simulation. A PHiL simulation allows the 
connection of actual hardware to a computer simulation model running in 
real-time such that the hardware converter and the power system interact 
dynamically. Thus, a PHiL simulation allows experimental validation using 
real hardware without risking customers and utility equipment. It helps to 
bridge the gap between pure computer (digital) simulations and live field 
testing [13, 155–158]. It is a step toward validating realistic model responses 
of IBR considering digital and analog systems, as noted in Chapter 2. 

In chapters 3 and chapter 4, the theoretical proof of the control concept is 
displayed with simulative evidence, respectively. The PRP control scheme 
can operate in grid-tied and island-based systems, exclusively IBRs based. 
This demonstration further strengthens and improves confidence in the 
control scheme to obtain stable operation and displays the interaction with 
real hardware and other converter control schemes (GFL and GFM) under 
selected test scenarios. PRP is employed as a control firmware. This chapter 
describes the PHiL and initial rapid control prototyping responses of PRP 
in a star interconnected system. The workflow allows to rapidly perform 
experimental iterations in order to identify and resolve potential 
issues [159]. This chapter is divided into four sections. Section 6.1 describes 
the experimental test bench, followed by scenario description and 
responses as plots in Section 6.2, results obtained in the previous section 
are discussed in Section 6.3. Finally, Section 6.4 recapitulates the chapter. 
The work presented in this chapter is developed within the framework of 
the project Kopernikus ENSURE (Neue  nergie etz truktU en für die 

 nergiewende) and a part of the results are published in J4, J5 and C14. 

6.1 Topology of the MVDC-HVDC test bench for Grid-
Forming operation 

The topology consists of an interconnected MVDC-HVDC (high voltage 
direct-current) link connected to an extended AC network to include 
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simulated assets such as a GFM-based converter source, constant loads, 
and a dynamic photovoltaic plant. The entire setup is connected and 
interfaced with a microgrid laboratory. Figure 6.1 provides a visualization 
of the test bench. Closeup views of the real-time simulator (RTS) from 
RTDS Technologies Inc. AMETEK and laboratory equipment are visible in 
Figure A 23 (Appendix A14). The MVDC collector system (in blue) with the 
HVDC link is modelled based on [160]. The simulated topology is developed 
in RSCAD® software. Two GFM control schemes are integrated and 
investigated, with this work’s focus on the PRP control scheme.  he 
microgrid laboratory (in orange) is linked to the RTS by optical fibers via 
a linear power amplifier. Based on Figure 3.11, the Phase 2 PRP scheme is 
implemented at the converter source highlighted in green with sufficient 
headroom and a rating of 100 MVA. The converter is an aggregated IBR, 
such as PV with an integrated battery, or battery storage, or capacitor bank.  

 
Figure 6.1: MVDC-HVDC test bench featuring PRP based GFM. 
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Test bench is an MVDC network with downscaled medium voltage (MV) 
converter stations, aggregated IBRs, and loads connected to an AC network, 
derived from [161, 162]. To ease system interpretation, the topology is 
divided into two grids. Grid 1 consists of the Virtual Synchronous Machine 
based GFM (VSM-Figure 2.5) at terminal 1 (T1MV) of the interconnected 
MVDC-HVDC terminals, which is further connected to AC network 
equivalents of weak system strengths with a scalable variable load. While 
the microgrid laboratory assets as PHiL, PRP control based-GFM converter 
source, simulated constant load, and a dynamic PV plant constitute Grid 2. 

6.1.1 Grid 1 - HVDC-MVDC interconnection and battery 
storage system integrated via DC/DC converters 

The MVDC grid is designed as a symmetrical monopole configuration with 
a rated DC voltage of ±55  V. Each terminal has a rated active power 
capacity of ±100 MW, and a reactive power of ±30 M ar. The MVDC is 
connected to a DC link of the HVDC via a multilevel DC/DC converter 
(110 kV/640 kV) with a triggered droop control between HVDC and MVDC 
link, with an initial droop value set to zero implying no participation. Thus, 
a multi- terminal system with two DC voltage levels is formed with a droop-
based DC-side control. The coupling converter connecting the MVDC and 
HVDC grid is based on [163]. The head stations of the MVDC feed into the 
400 kV system. The VSM control scheme is adopted at converter station 
T1MV of the MVDC and can provide inertia only. Primary control reserve 
is possible in combination with setpoint adaptions at the MVDC terminals 
and other assets to maintain system balance. 

A highly scaled lithium-ion battery storage (Li-ion) model is integrated into 
the DC link of the MVDC. It is interfaced via a cascaded three-phase dual-
active bridge (3Ph-DAB) modelled via the state-space-averaging (SSA) 
method. To reduce computational power, the 3Ph-DAB is modelled using 
the least detailed modelling approach as in [164–166]. The output currents 
are averaged by considering all switching intervals within one switching 
period instead of employing a detailed switching model. The resulting DC 
current on the primary and secondary sides are coupled via controlled 
current sources, with reference values calculated as a function of controlled 
load angle and the current output voltages. The large-scale grid battery 
storage system has a power rating of 55 MW and is connected to the MVDC 
grid via a multilevel 3Ph-DAB or DC/DC converter. Its original design is 
derived from [165]. The Li-ion battery packs used for storage system is 
based on [167], with a target nominal secondary DC voltage of 1 kV. A 
comprehensive electrical battery model based on Min/Rincon-Mora [168], 
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is implemented to capture the Li-ion battery’s dynamic and nonlinear 
characteristics. The multilevel 3Ph-DAB or DC/DC converter is rated at 
110 kV/1 kV with the primary side (110 kV) connected to 22 DAB3 modules 
in series, while the secondary outputs (1 kV) are connected in parallel on 
the 1 kV battery connection point. Two battery racks are connected to each 
3Ph-DAB power module resulting in an overall battery storage system of 
44 battery racks. With each rack containing 22 battery packs connected in 
series. The chosen topology is an isolated Modular Multilevel Converter 
dual-active bridge (MMC-DAB) with a front-to-front configuration. The 
design parameters of the MVDC-HVDC link are derived from [163] and 
given in Table A 5 with a rated power of 200 MW and frequency up to 
150 Hz at the front-to-front AC link, while the parameters of large-scale 
battery interfaced via DC/DC converter are in Table A 6. 

The external HVAC grids are represented as network equivalents of weak 
system strength modelled as thévenin sources coupled via transformers 
connecting the HVDC link. The HVDC is further coupled to the MVDC via 
the DC/DC converter. The terminal 1 (T1MV) of the MVDC via transformer 
(60 kV/400 kV) is connected to a network equivalent, modelled as a 
generator source of 1220 MVA rating capacity and a short circuit power 
𝑆𝑘′′ =  03.7 MV  at 400 kV with 𝑋d,GEN

′′ = 0.175 pu. The generator source 

(GEN) has an inertia constant of 𝐻 = 4.70  ec, with exciter and power 
system stabilizer dynamics, but without a frequency-droop or governor 
control. A constant power variable load of 100 MW initial consumption is 
connected at the 𝑁G1 node. The T1MV converters are simulated as MMC 
average models, and control implemented in MATLAB-Simulink® and is 
exported to RSCAD® as C-code. DC voltage support may be provided via 
T2MV or DC/DC converter connected battery unit. Additionally, T2MV of 
the MVDC is modelled as a switching-level to provide blocking capabilities 
for island investigations in Grid 2. These elements jointly comprise Grid 1. 

6.1.2 Grid 2 – Phase Restoring Principle integrated with 
microgrid laboratory and other MV assets 

 he  nstitute of  lectrical  nergy Systems’ microgrid and energy storage 
laboratory (ENGiNe) communicates with the RTS using the Xilinx Aurora-
based protocol. Three optical cables are interconnected to RTDS and to a 
linear power amplifier, which amplifies each phase up to 5 kW. The linear 
amplifier connected is the ‘Typ DM 15000/APS/PHIL’ from the company 
Spitzenberger & Spies (SPS). The ideal transformer method [156, 169] is 
used as an interface between the simulator and the amplifier. The simulator 
sends the voltage signal at a selected connection point and transfers it to 
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the power amplifier. The power amplifier sets an output voltage, which 
leads to a current flow with connected hardware or device under test. The 
current and voltage are measured within the power amplifier and are 
transferred back to the RTS. A resultant one-time step delay in the closed 
signal feedback between the sent and received voltage signal along the 
communication path is gauged.  

Various static and dynamic power hardware of the microgrid ENGiNe and 
PHiL Laboratory is scaled by a factor of 1000 at the communication 
interface and applied to the simulated test bench in different modes of 
operation. The PHiL includes a purely resistive three-phase fan-heater of 
up to 7 kW power rating, connected as an adjustable load for the 
simulation. An MMC converter with integrated Li-ion batteries in charging 
configuration or load operation is coupled. The MMC includes 4 
submodules per branch, a total apparent power rating of 25 kVA, with 
diverse operation concepts. The MMC and the three-phase fan heater are 
interfaced through the power amplifier, enabling the usage of either one or 
both during tests. In addition, dynamic photovoltaic plant data is simulated 
based on the installed SMA Solar Technology rooftop PV System. Three 
strings of ‘Sunny Tripower 7000TL’ and ‘Sunny Tripower 9000TL’ inverters 
with a maximum AC apparent power of 7 kVA and 9 kVA, respectively, are 
measured and archived in second-by-second resolution to allow the 
creation of time series, which is used as input for simulated PV systems. A 
converter with the Phase 2 PRP scheme (CON) scaled up to 100 MVA at 
400 kV from a base value of 1 MVA at 0.69 kV (as Section 4) and a constant 
power simulated load of 40 MW are interconnected to form Grid 2. Except 
for Scenario 9, the active power control (APC) of Phase 2 PRP is deactivated 
with no arbitrary dispatch. The APC is a slow control, and the present 
testing focuses on fast frequency responses (FFR) and system interactions. 

The combined system is simulated in EMT domain and in real time to 
examine dynamic interactions and islanding. The equipment itself is 
modeled in RSCAD®FX on RTDS. A NovaCor Chassis from RTDS licensed 
with eight cores is applied for the test bench. The common time step or 
main step applied in this work is 50 µ ec, applicable to the electrical 
elements like cables, generators, and all controls, including PRP, MMC, PV, 
SPS, and generator controls. The switching or sampling frequency of the 
MMC and DC/DC converter (MVHV) interconnection between MVDC and 
HVDC is implemented in a substep frame with a time step of 5 µ ec. The 
various disturbances, such as variable load steps, islanding, and setpoint 
operations, are applied to the considered test bench (Grid 1 and Grid 2) to 
obverse the stability and interaction of the converter control and system.  
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6.2 Scenarios, responses, and system interaction  

The test scenarios are simulated to display the interaction between the 
different control schemes and their ability to work in a coordinated manner 
under various events. The plot notations are designated in Table 6.1. The 
operating points of the assets in distinct scenarios are given in Table 6.2.  

Table 6.1: Notation adopted in figures (Figure 6.1 to Figure 6.9). 

Active Power MVDC Terminal 1 𝑃AC,T1MV 

Active Power MVDC Terminal 2 𝑃AC,T2MV 

AC network equivalent modelled as generator 𝑃GEN 

PRP as GFM IBR 𝑃CON 

Simulated PV model (constant and dynamic profile 𝑃PV 

Linear amplifier (SPS) 𝑃SPS 

Battery interfaced DC/DC converter 𝑃DC/DC,MV−MV 

DC/DC converter between MVDC-HVDC 𝑃DC/DC,HV−MV 

Frequency of Grid 1 𝜔GEN 

Frequency emulation of VSM GFM 𝜔VSM 

Frequency at PCC (Grid 2) 𝑓PCC 

Voltage argument at the measurement node of PRP GFM (CON) 𝑎𝑟𝑔MEAS 

Table 6.2: Steady-state operating points of active elements in test bench (in MW). 

Scenario 
 
 
Operating  
Point 

Heater switch 
ON/ OFF 
(Scenario  
1,2 & 6) 

Heater switch 
ON/ OFF 
(Scenario  
7 to 9) 

Load step 
at Grid 1 
(Scenario 3) 

Step increments 
at MMC  
(0→3→6→3→0) 
(Scenario 4&5) 

Linear 
Amplifier 
Status 

OFF ON OFF ON ON ON 

Grid 1   BLOCKED   

AC, T1 MV  +60 +60 0 0 +60 +60 

AC, T2 MV -40 -40 0 0 -40 -40 

Const. load 1  -100* -100* 0 0 -100* -100* 

Grid 2   OPERATIONAL   

CON - PRP +60 +66 +20 +26 +71 +66 

PV +20 +20 +20 +20 +20 +20 

Const. load 2 -40* -40* -40* -40* -40* -40* 

MMC 0 0 0 0 -5* 0 

Fan heater  0 -6* 0 -6* -6* -6* 

*Note: Negative power indicate load operation or consumption 
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 o create a more reasonable comparison and showcase PRP’s functionality, 
the plots are displayed for interconnected systems (Grid 1 and Grid 2) and 
island operation (Grid 2); however, scenario descriptions are sequential.  

Scenario 1: The scenario displays the performance and interaction of the 
complete system with a focus on the response of PRP (APC is deactivated). 
The two networks (Grid 1 and Grid 2) are stable and connected, while a 
disturbance at Grid 2 is created by the connection and disconnection of the 
three-phase fan heater creating a step event. The event stages are as follows: 

• Complete system in normal operation with MVDC terminal 2 
(T2MV) in non-blocking mode. 

• Constant PV infeed with other stable operation of all connected 
loads and sources. 

• Three single-phase heaters are interfaced via SPS. The SPS is 
initially offline. It is switched ON for approx. 3 sec, followed by 
switching OFF and disconnecting the SPS. The connection leads to 
the load step of the heaters of approx. 6 MW. 

•  he response of the converter based on PRP’s scheme and other 
resources are monitored.  

• MMC is offline with both DC/DC converters at zero participation. 

The responses are documented in Figure 6.2. 

Scenario 2: This scenario is an extension of Scenario 1, considering 
dynamical PV infeed with consolidated PV profile injection instead of 
constant PV characteristics. The rest of the system and procedures are 
identical to Scenario 1 (as such, MMC is offline, and DC/DC converters have 
zero participation). The steps include: 

• Initial conditions as Scenario 1 with dynamical PV infeed with fast 
varying PV profile characteristics. 

• Similar to Scenario 1, SPS is initially offline, followed by an online 
connection. As a result, the heaters are switched on, leading to a 
load increase of approx. 6 MW. 

• After approx. 3 sec, SPS is switched OFF, and the heaters are 
disconnected by extension. 

• Similar to the previous case, the converter’s response based on 
PRP’s scheme and other resources are monitored. 

 he diagram displaying PRP’s responses and associated elements of interest 
is available in Figure 6.4. 
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Interconnected systems (Grid 1 and Grid 2) Island operation (Grid 2) 

 

Figure 6.2: Responses of Scenario 1: Figure 6.3: Responses of Scenario 7: 

(a) Active power responses in Grid 2; 

(b) Measurement voltage phase at PRP MEAS terminal and frequency at PCC; 

(c) Active power responses in Grid 1; 

(d) DC power flows in HV-MV and MV-MV converters. 
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Interconnected systems (Grid 1 and Grid 2) Island operation (Grid 2) 

 

Figure 6.4: Responses of Scenario 2: Figure 6.5: Responses of Scenario 8: 

(a) Active power responses in Grid 2; 

(b) Measurement voltage phase at PRP MEAS terminal and frequency at PCC; 

(c) Active power responses in Grid 1; 

(d) DC power flows in HV-MV and MV-MV converters. 
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Interconnected systems (Grid 1 and Grid 2) 

 
Figure 6.6: Responses of Scenario 3: 

(a) Active power responses in Grid 1;  

(b) Frequency response at Grid 1;  

(c) Active power responses in Grid 2;  

(d) Measurement voltage phase at PRP MEAS terminal and frequency at PCC. 

Scenario 3: This case describes the combined MVDC system response with 
a load step increase in Grid 1. Grids 1 and 2 are at steady-state operation, 
and the response concerning PRP is highlighted and discussed. 

• Normal steady-state operation of Grid 1 and Grid 2. 

• A load step increase of 50 MW is performed for load 1 from an initial 
loading of 100 MW to final loading of 150 MW. 

• Droop constants of DC/DC converters connected between HV-MV 
and MV-MV link are set to zero with no participation of these 
converters and hence ensuring no power flow from the HVAC grid 
or 3Ph-DAB large-scale battery. 

• Grid 1, along with VSM and PRP control, are evaluated, and 
responses stabilizing the system are observed.  

The scenario responses are depicted in Figure 6.6. 
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Scenario 4: This test case describes the response to disturbance with 
additional setpoint adaptions applied to the system. The MMC in load 
operation is switched in multi-step responses, and the entire system 
response is evaluated for the step events. The actions include: 

• Loads steps at the MMC via the linear amplifier are performed in 
Grid 2 with an initial loading of 0 MW.  

• The heaters are ON at constant loading of 6 MW and PV with 
constant infeed of 20 MW. 

• Droop constants of DC/DC converters connected between HV-MV 
and MV-MV link are set to zero with no power flow.  

• The load sequence follows: 0 MW →3 MW →6 MW →3 MW →0 W. 
Thus, two step-ups followed by two step-downs. 

• An immediate setpoint change is applied to the active power infeed 
at the node marked PCC of Grid 2, which is forwarded as setpoint 
change to T2MV and T1MV of the MVDC. The setpoint change is 
performed via Human-Machine Interface (HMI). 

• The power dispatch is forwarded to MVAC Grid 1, relieving PRP’s 
contribution to the event. System response is noted. 

The associated findings are illustrated in Figure 6.7. 

Scenario 5: This test is an amendment to Scenario 6, replacing the source 
of power dispatch from MVAC Grid 1 to the DC/DC battery storage unit. 
The rest of the procedure is identical and is as follows: 

• The MMC is initially at 0 MW loading with the fan heater at 6 MW 
consumption and PV with 20 MW constant infeed. 

• Droop constant of DC/DC converter between HV-MV is zero with 
no participation while MVDC battery has a non-zero droop factor. 

• Load step increase and decrease events are applied at the MMC in 
the following sequence: 0 MW →3 MW →6 MW→3 MW→0 W. 

• Manual setpoint adaptation via HMI is performed at PCC of Grid 2, 
in which the T2MV and the integrated battery unit of the MVDC 
overtake power dispatch due to non-zero droop factor. 

• PRP responds to the event, and the complete system is monitored.  

• The active power loading is forwarded to battery storage unit. 

The test results are displayed in Figure 6.8. 
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           Dispatch from MVAC Grid 1               Dispatch from battery 

 
Figure 6.7: Responses of Scenario 4: Figure 6.8: Responses of Scenario 5: 

(a) Active power responses in Grid 2; (b) Measurement voltage phase at PRP MEAS 
terminal and frequency at PCC; (c) Active power responses in Grid 1; (d) DC power flows 
in HV-MV and MV-MV converters; (e) Frequency response at Grid 1. 
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Island operation (Grid 2) 

 
Figure 6.9: Responses of Scenario 6: 

(a) DC power flows in HV-MV and MV-MV converters; 

(b) Active power responses in Grid 1;  

(c) Active power responses in Grid 2;  

(d) Measurement voltage phase at PRP MEAS terminal and frequency at PCC. 

Scenario 6: This scenario describes the islanding case of Grid 2, and the 
associated steps involved in triggering of the event: 

• Normal operation of Grid 1 and Grid 2 at steady-state with sufficient 
headroom in PRP-controlled source. 

• MVDC terminal 2 (T2MV) is blocked. 

• PRP responds to disturbance and forming capability of the network 
is observed.  ther elements’ response in Grid 2 are tracked. 

• DC side power of MVDC terminal 1 (T1MV) is taken over by both 
DC/DC converters by non-zero droop factors. 𝑃DC/DC,MV−MV and 

𝑃DC/DC,HV−MV have power flows.  

• All assets connected at Grid 2 function at the same operating point. 

The associated plots are shown in Figure 6.9. 

Scenario 7: This test case is an extension of Scenario 6 and shows 
additional disturbance created by switching ON and OFF the fan heater 
with constant PV injection. The testing procedures followed are similar to 
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Scenario 1, with the exception of the disconnection of Grid 1 (T2 of MVDC 
blocked). A detailed description is provided below:  

• Successful creation and stabilization of Scenario 6 is the starting 
point with Grid 2 in island operation and T2 is in blocking mode. 

• Static or constant PV infeed in Grid 2. 

• Steady-state operation of other sources and load.  

• Three single-phase heaters interfaced via SPS are switched ON from 
the initially OFF position for approx. 3 sec. It is subsequently 
switched OFF, disconnecting the SPS. The load step event of the 
heaters is with a step size of approx. 6 MW. 

• PRP’s response to the disturbance and influence on the island 
network is checked, along with the stable operation of other 
elements in the island. 

• MMC system is offline and MVDC battery with non-zero droop. 

The associated responses are shown in Figure 6.3. 

Scenario 8: This case is an extension of Scenario 7 and is analogous to 
procedures followed in Scenario 2, considering dynamic PV characteristics, 
and connecting the three-phase fan heater, followed by its disconnection. 
This case includes the following: 

• Initial conditions as Scenario 7 with dynamical PV infeed data with 
time scale compressed PV profile injection instead of constant PV 
characteristics. 

• Similar to Scenarios 7 and 2, SPS is switched ON. As a result, the 
heaters are connected, leading to the load step increase by the 
heaters to approx. 6 MW for ca. 3 sec. 

• Thereafter, disconnection of SPS and by extension of the heaters is 
performed after the stipulated time. 

• Similar to the previous case, the stability of the island system is 
recorded and studied. MMC storage system is offline. 

The observations are recorded in Figure 6.5. 

Scenario 9: This case describes the islanded Grid 2, with APC active and 
setpoint adaptations on Phase 2 PRP converter control. The disturbance is 
created by switching ON and OFF the fan heater with constant PV 
injection. The Grid 1 is disconnected by blocking T2 of MVDC. A detailed  
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detailed description is provided as follows:  

• Successful islanding of Scenario 6 serves the starting point of this 
case with Grid 2 in island operation and T2MV blocked. 

• Constant PV infeed in Grid 2 and MMC storage system is offline. 

• Steady-state operation of other sources and load.  

• Three single-phase heaters interfaced via SPS are switched ON from 
the initially OFF position at approx. 1 sec. The connection of the 
load leads to step event with a step size of approx. 6 MW. 

• PRP with APC response to the disturbance with a stable steady-
state response to the event, however frequency is not restored to 
nominal due to the APC activation. 

• Manual setpoint adaptations via HMI is performed on PRP after an 
inherent control delay of 0.5 sec to restore the nominal frequency. 

The scenario responses are depicted in Figure 6.10. 

Island operation (Grid 2) 

 
Figure 6.10: Responses of Scenario 9: 

(a) Measurement voltage phase at Phase 2 PRP MEAS terminal and frequency at PCC ; 

(b) Active power responses in Grid 2;  

(c) Active power setpoint changes in Grid 2;  

(d) DC power flows in HV-MV and MV-MV converters. 

       
          

    

    

  

    

    

  
   

 
 

     

     

 

    

    

   
   

  
 

 
   

       

(a)

       
          

  

  

  

  

  

  
   

 

     
      

(c)

       
          

 

  

  

  

 
   

   
  

   
   

 
     

    
   

(b)

       
          

  

 

 

  
   

 

            
            

(d)

   
 

  
  

 

   
 

   
 

   
 



6 Demonstration and validation of Phase Restoring Principle in real-time 

180    

6.3 Discussion of results 

The tests display a wide range of scenarios and operating conditions that 
demonstrate the PRP control scheme’s performance and key behavior. The 
APC and current limitation is initially not considered to evaluate the GFM 
control responses for the distinctive inertial attribute (FFR) of each scheme 
(PRP and VSM) without enhancements and restrictions. The various 
hardware connected to the test bench is operated to create a dynamic 
event, and the responses are monitored. A supplementary Scenario 9 with 
APC activation in islanding is performed to highlight the response of 
Phase 2 (PRP+APC) control with tuned setpoints. 

Scenarios 1 and 2 focus on PRP’s response in the interconnected system 
under disturbance. Providing immediate response to the step event and 
restoring the phase, thus, nominal frequency in the network is displayed. 
The system is at steady-state prior to the event, and the initial power 
dispatches are seen in Table 6.2. PRP provides a quick damped response to 
disturbances by restoring the phase in the system and stabilizing, a prime 
differentiator of the control scheme, which is prominent with a small delay 
in both Scenario 1 and 2 with the switching ON/OFF event of the heater as 
displayed in Figure 6.2 (a and b) and Figure 6.4 (a and b). The converter 
equipped with the PRP control scheme has sufficient capacity and delivers 
adequate power to the increased and decreased loading. Similarly, for 
Scenario 2, PRP stabilizes the power system by acting on the disturbance 
supplying the necessary power based on the dynamic infeed from PV and 
the active power variation due to the switching of pure resistive fan load as 
portrayed by (Figure 6.4 (a)). Grid 1 does not participate in the event, as 
seen in the plots (Figure 6.2 (c and d) and Figure 6.4 (c and d)), with no 
variation in frequency and active power dispatches. Similarly, all other 
loads and sources (GFL) remain connected without additional power infeed 
in both cases (Figure 6.2 (a) and Figure 6.4 (a)). Due to the switching 
function model of the T2MV MVDC, the power responses at Grid 2 contain 
unfiltered current ripples. 

Scenario 3 describes PRP’s interaction with the  S      scheme to 
provide inertial support to stabilize the system. A load increase (  ad 1) in 
Grid 1 results in the inertial provision of VSM control attached at T1MV. 
The event in Grid 1 leads to a steep frequency drop partially relieved by a 
temporary power increase of VSM due to the inertia emulation. The power 
difference to stabilize the frequency is retrieved from the MVDC Grid 2, 
which is stabilized by the other head station T2MV by the action of the 
droop control. The temporary power increase of T2MV is balanced by Grid 2 
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and, more specifically, by the PRP GFM control resulting in an immediate 
inertial response from PRP to the disturbance event, as visible Figure 6.6 (c 
and d). As seen in Figure 6.6 (a and b), the VSM, based on its characteristic 
swing response, initially increases its active power infeed in coordination 
with PRP’s temporary increase in active power infeed before the reaction 
from Grid 1 dominates. The VSM initially provides inertial support to 
  ad 1 using DC-linked storage systems and energy stored in the MMC 
sub-modules. The inherent characteristic to react to the disturbance in a 
stabilizing manner results in a quick PRP response in coordination with the 
VSM control returning both GFM schemes to their initial operation point 
pre-event. The network equivalent (Grid 1) takes over the primary control 
or provides additional power dispatch to compensate for the load increase. 
No permanent power increase of T1MV is viable as only inertia provision is 
available (in this scenario). At lower control inertias, local area oscillations 
are observed between the VSM-controlled converter and the upscaled 
generator. The addition of a power system stabilizer (PSS) to the VSM 
enhances the damped response of the control scheme. 

Scenarios 4 and 5 focuses on displaying PRP’s prioritizing of disturbance 
over setpoints changes. Sequential load steps are performed, resulting in an 
immediate or inertial and stabilizing response from PRP. The measurement 
phase is restored to its initial value after each disturbance, as seen in Figure 
6.7 (b) and Figure 6.8 (b). The DC voltage support and APC is redirected to 
either the MVDC Grid 1 or the DC/DC battery model. Firstly, a temporary 
increase of delivered active power by PRP converter is visible due to inertia 
support in Figure 6.7 (a) and Figure 6.8 (a), followed by the slow manual 
setpoint adaption through the HMI at the PCC node. Hence, allowing 
active power forwarding to be taken over by T2MV and T1MV in Scenario 4 
with Grid 1 increased infeed or T2MV (Figure 6.7 (c and d)). In comparison, 
the MVDC battery storage (𝑃DC/DC,MV−MV) provides the additional power 

infeed to the load variation in Scenario 5 (Figure 6.8 (c and d). Thus, the 
PRP converter is relieved to increase its admissible power margins for 
incoming Grid 2 power imbalances, and additional power dispatch or APC 
feature of Phase 2 PRP control is not utilized. The necessary power for 
Grid 1 is retrieved from other sources. Nominal frequency is restored. 
Setpoint adaptation in PRP control is possible with some delay 
(>  300   ec). Therefore, setpoint adaption at PRP is not displayed as a fast 
system response. The incorporation of APC with multiple sources and its 
responses is evidenced in Chapter 4. In both cases (Scenario 4 and 5), the 
overall system can deliver a fast inertial response from PRP and coordinated 
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dispatch from other sources as an alternative, with a comparative display 
in Figure 6.7.and Figure 6.8.  

Scenarios 6, 7, and 8 demonstrate the islanding of Grid 2 with additional 
disturbances created by dynamic switching of the fan heaters with constant 
and fluctuating PV profiles. Scenario 6 displays the successful and stable 
isolation of the controlled AC network or Grid 2 by blocking T2MV, as seen 
in Figure 6.9 (a and b). PRP responds to the disturbance and stabilizes the 
network. The phase is restored, and nominal frequency is achieved, as 
witnessed in Figure 6.9 (d). It additionally takes over the power difference 
caused by the blocking of T2MV with initial loading (before blocking) of 
40 MW (consumer or passive component). The power flow plots due to the 
events are available in Figure 6.9 (c), with a decreased output by the PRP-
based converter. At the same time, all other active elements maintain their 
pre-event operating points, shown in Figure 6.9 (c). The activation of APC 
relaxes on the constant frequency assumption of PRP, allowing steady-state 
frequency deviation, which is restored to nominal by the control after a 
minimum period of 600 msec, as shown in [32] and further in Scenario 9. 
The Scenario 6 forms the prequel to Scenarios 7 and 8. These two test cases 
are analogous to Scenarios 1 and 2, but under islanding conditions, and are 
an addendum to the stable operation in Scenario 6. Due to the absence of 
the effects of the switched MVDC terminal, the response in Grid 2 is ripple 
free, as described by the active power trends in Figure 6.3 and Figure 6.5 
when compared to Scenario 1 (Figure 6.2) and 2 (Figure 6.4). The test 
procedure is identical to Scenarios 1 and 2 to scaled load jumps. Similar 
stable responses in island operation with PRP forming the network and 
adjusting its power infeed depending on the network requirements are 
displayed. The plots are visible in Figure 6.3 and Figure 6.5 and comparable 
to Scenarios 1 and 2. 

Scenario 9 is a supplementary test of Phase 2 control with active APC to 
display the constant frequency relaxation and the possibility of arbitrary 
power dispatches via setpoint adaptions.  he event portrays the control’s 
immediate response to the disturbance with increased active power to 
balance the 6 MW load increase due to the switching ON of heaters. A 
steady-state operating point and hence frequency develops (4 . 83   ), 
differing from nominal frequency, as in Figure 6.10. A manual setpoint 
adaption is performed on Phase 2 PRP via HMI with an inherent delay of 
0.5 sec to restore nominal frequency. Other elements remain undisturbed 
(Figure 6.10). 
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As mentioned in [170] demonstration experiences have shown to be good 
performers and capable of achieving their objectives. When introducing a 
new concept, it is vital to perform rigorous testing to enhance 
understanding, reliability, and performance. This demonstration is a step 
towards the same.  

6.4 Chapter summary 

This chapter aims to demonstrate the unique value propositions of the 
novel PRP control scheme. The experiments’ results confirm the analysis 
reported in Chapter 4, and assess the GFM capabilities reported in 
Chapter 5 of the PRP control structure. The interactions between the PRP 
control scheme with other GFL and GFM converters, along with the most 
noteworthy observations, have been presented. The inherent characteristic 
of counteracting to disturbances is displayed. The ability to achieve 
nominal frequency with limited phase shift (𝑎𝑟𝑔MEAS), thus acquiring the 
new operating point via a direct path, is also portrayed. The primary 
features of PRP are demonstrated in different network combinations of an 
MVDC test bench with a high proliferation of IBRs and non-linear loads as 
PHiL. 

The interaction of this scheme with other GFM control concepts, in this 
case, VSM, has been illustrated and shows a coordinated response to 
disturbance by providing inertial support. An alternative to the inbuilt APC 
in PRP (Phase 2), power sharing or slow response, is highlighted from other 
assets in a coordinated approach, whereas PRP provides only inertial or fast 
response. Setpoint adaption is also displayed with Phase 2 PRP, including 
APC control restoring to nominal frequency but with some delay, allowing 
multisource operation with arbitrary dispatches. The control response is 
oscillation free. Furthermore, global stability criteria is also displayed when 
meeting the impedance relationship of coupling and transformer 
impedance. 

Various tests were conducted in PHiL under challenging network 
conditions in an MVDC test bench with a high proliferation of IBRs and 
non-linear loads. The focus of the test bench was on FFR and stabilization. 
PRP’s swift response to any fault to form and stabilize the power system is 
perceived in all scenarios. Therefore, this chapter further reinforces this 
control scheme’s performance under the influence of various hardware and 
converter controls. 
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7 Conclusion and Outlook 

To tackle future power system challenges with a high proliferation of IBRs, 
the topic of GFM converters has emerged as a promising technology. An 
exact definition of this technology is still being shaped in concert with the 
changing needs of the power system. However, maintaining a voltage 
source behavior with an immediate, stable response to disturbance is 
expected. Additional services and advanced performances, like load 
sharing, damped response, limited Vector Shift, and improved voltage 
profile during disturbed conditions, to name a few, are also requested. The 
early adopters of GFM include Australia, Germany, Great Britain, and 
Hawaii, with NERC placing a high importance on frequency stability. 

NERC emphasizes that the primary objective of the GFM converter is to 
immediately respond to changes in the external system and maintain 
control stability, followed by active and reactive power regulation. ENTSO-
E hints at stable response under normal, disturbed, and emergency states. 
The UK Grid Code and various projects worldwide provide valuable 
insights into synchronizing power, active control-based power 
requirements, and compatibility with devices in the power system. 
Therefore, a control that achieves asymptotic stability and, as a result, 
frequency evolves after steady-state may be defined as a GFM system. In 
other words, all controllers collectively share a coordinated control 
response to support voltage and frequency to restore nominal values 
constructively. Different GFM concepts that fulfill these requirements are 
being established. However, these schemes provide only some of the 
services or do not provide the ideal responses.  

This work introduces a novel globally stable GFM control scheme 
developed in three phases. Phase 1 comprises of the fundamental building 
block of the control hierarchy called the ‘Phase Restoring Principle’ (PRP). 
It fully reflects the above-mentioned requirements by prioritizing response 
to disturbance over setpoint changes. It is based on the change of 
perspective from the converter to the grid. The PRP utilizes a novel angular 
transformation ρdrιdr of the reference frame in the opposite direction to a 
disturbance in an ohmic-inductive network. It creates a stabilizing 
response by reacting to the difference in phase. The PRP transformation 
comprises the central part of the control and is fully Grid-Forming. A 
similar structural designation of a PLL is sublimated into the PRP main 
block. This block creates a constant frequency response by returning the 
phase at the measurement node back to the original operating point 
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(nominal frequency). PRP is, therefore, controllable and actively 
participates in creating future operating points after a disturbance. 

To achieve interoperability between multiple sources, relaxation is applied 
to the constant frequency condition, resulting in unbounded currents. In 
Phase 2, the control scheme is extended to include enhanced active power 
control (APC), envisaging stable operation with other devices (SM, IBRs) in 
a power system and allowing arbitrary power dispatches. Thus, the control 
scheme contains two loops for voltage phase output: the main control loop 
processes transformed frequency and is supplemented by the APC loop, 
which is added to the primary frequency loop. As a result, one output phase 
is obtained for the converter voltage, with the response of the frequency 
loop dominating the APC loop by the choice of gains. Hence, the phase 
contributing to frequency dominates the constant phase part of power flow, 
leading to the desired response to disturbances dominating over the 
response to setpoint changes. Additionally, the cascaded differentiator 
with a double integrator system produces a stable first-order transfer 
function response free of higher-order swing dynamics. 

Appropriate current limiting control methods are required for GFM 
inverters to realize these GFM control concepts by meeting hardware 
requirements and successfully riding through disturbances. Currently, 
three known current limiting methodologies are being applied to GFM 
converters: current limiter, virtual impedance, and voltage limiter. 
However, these concepts serve as broad guidelines but do not provide exact 
implementation templates. Additionally, these broad methods need 
adaptations to offer tangible advantages. 

To cater to better performance and recovery from undesired current 
saturation, new and improved current limiting controls are required to be 
developed to help GFM converters. Therefore, in Phase 3, a current limiting 
control is developed to account for the converter’s hardware constraints. 
The concept is inspired by the voltage limiter methodology. The control 
algorithm proposed complements the Phase 2 scheme. It employs novel 
usage of an anti-windup limiter and other control logics/blocks necessary 
for symmetrical fault conditions to create a foundational GFM converter 
control. The current limiting control helps maintain all the advantages of 
Phases 1 and 2 of the PRP scheme, making the scheme usable under various 
network conditions. 

The state-of-the-art GFL converters utilize pure observers, e.g., an ideal 
PLL, whereas PRP offers controllability and adheres to the GFM 
requirements. The GFM control concepts like Droop or VSM emulate a 
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synchronous machine and, therefore, have an inherent swing response and 
do not achieve nominal frequency independently. Phase 1 PRP offers a 1st 
order system response and is highly damped, allowing to attain nominal 
frequency. It exhibits minimum Vector Shift, which assists in protection 
schemes by avoiding unnecessary trips. Existing GFM concepts, like 
matching control and VOC, are based on different control methodologies 
and are currently in research. 

Furthermore, the PRP control scheme is globally stable, unlike the GFM 
control schemes mentioned above controls, which operate under the 
underlying principle of an operating point’s existence determined by 
external frequency. PRP functionality, either in the pure version or in the 
APC adjoined version, can be related to a virtual asynchronous machine 
with a controlled rotor or rather a virtual double fed-induction generator, 
to be precise, in contrast to VSM. The former acts directly on the relative 
phase (change in phase, viz. frequency), whereas the latter acts directly on 
the absolute phase. 

The novel PRP concept requires a tailored current limiting strategy to help 
preserve its GFM features. Compared to the state-of-the-art current limiter 
methods for GFM, the implemented strategy maintains the voltage source 
behavior in PRP-based GFM under severe fault (overcurrent conditions) 
scenarios. Further, it does not require any mode switching.  

The virtual impedance method and its variants highly depend on the 
network conditions (𝑋/𝑅 ratio) and need an additional adaptive control to 
cover a spectrum of fault scenarios. An appropriate design of the 𝑋/𝑅 ratio 
is thus needed since it may destabilize the system under certain conditions.  

Unlike the virtual impedance method, the developed voltage magnitude 
limiter method requires no additional adaptive control scheme to address 
a wider range of system overcurrent conditions. The prime difference to 
existing voltage limiter methods is that the phase is not controlled via the 
current limiting control; rather, the current is limited via the magnitude 
only. Thus, no restriction is applied to the voltage phase, preserving the 
phase-frequency and the original control characteristic. 

The derived mathematical relations and numerical simulations confirm the 
stable response of the control under different operating conditions and 
independent of grid loading. PRP acts to ensure that the network 
approaches and obtains the high voltage, low current (regular) solution. 
The reaction of PRP is comparable to an ideal slack at steady-state due to 
the accomplishment of constant frequency with the same relative phase 
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response (∆𝜑). Hence, it is reasonable to compare the response of PRP, 
without supplemental control loops, to infinite inertia. The robustness of 
the control is ensured by evaluating stable control performance under a 
wide range of network conditions. 

The control response results for each phase are verified by simulation for 
challenging scenarios such as weak grids and large disturbances. The 
corresponding power system responses are numerically bounded and 
compliant with global stability conditions. The coupling and transformer 
impedance ratio determines the existence of the operating point, with the 
role of transformer impedance as a decisive constituent of the overall 
converter control performance. Simulative investigations are carried out in 
both RMS and EMT domains. The control response is also demonstrated as 
further validation in a real-time laboratory environment utilizing PHiL 
simulations on a real-time simulator (RTS). The interaction of PRP with 
other control schemes (GFM and GFL) and its operation with a real MMC 
hardware converter is investigated in a laboratory setup. The analysis 
results show that PRP demonstrates a stable control response under various 
scenarios, including islanding. Experimental investigations, including PHiL 
simulations with detailed converter models and hardware, further 
confirmed the analytical proofs and pure simulative analyses. 

The new control scheme presented in this thesis is a viable choice for future 
GFM field applications. The present development status serves as a 
template that may be extended to fulfill specific project or grid code 
requirements to form a comprehensive and field-ready GFM converter 
control. The application includes converters interfaced with batteries, a 
capacitor bank, a power plant controller with an added energy source, or a 
microgrid controller with an added energy source. It can have a 
transformative influence on attaining stability and reliability for networks 
with a high penetration of IBRs. 

This thesis explores a topic of considerable scope, which necessitates 
multifaceted examinations encompassing proficiency in power system 
analysis, control theory, and fundamentals of power electronics. An 
interdisciplinary approach is crucial for appropriately addressing the 
subject matter at hand. Some future aspects extending this thesis’s 
contribution may include the following: 

• Negative sequence control structure when exposed to unbalanced 
faults: Studying the control response under unbalanced fault 
scenarios and investigating if further measures may be required for 
negative sequence voltage feedback components.  
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• Energy limitation schemes in cases of HVDC or FACTS: The control 
scheme considers a free energy exchange between AC and DC 
power systems via a battery or a capacitor bank. An alternate 
application of the control scheme is for HVDC or FACTS, whose 
limited energy capacity will require some assessment and 
modification. 

• Interoperability with other converter controls: The proposed 
current limitation relies on the structural self-similarity of all 
connected IBRs. To achieve full interoperability with other 
converter controls, the current limiting strategy needs to be 
assessed under heterogeneous control conditions, and extensions 
may need to be devised. 

• Minimum energy transfer: One main objective of converter rating 
is minimum energy transfer between the converter’s internal 
energy storage and power system for any power system disturbance. 
PRP is a highly promising candidate to meet this requirement and 
is also considered for future investigations. 

• Black start and power quality: Both black start and power quality 
are feasible to meet but need verification. 

• Hardware implementation: The next steps include the 
implementation of the PRP control scheme in a real hardware. A 
hybrid plant consisting of a GFM battery incorporating the PRP 
control and other IRB assets, such as PV infeed with a power plant 
controller, is foreseen as a future project. 
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Appendix 

A1. System strength and Short Circuit Ratio 

System strength (N R  2017)  ‘System strength refers to the sensitivity of 
the terminal voltage of the inverter-based resource to variations of current 
injections’ [171]. 

System strength (     2020)  ‘System strength as the ability of the power 
system to maintain and control the voltage waveform at any given location 
in the power system, both during steady-state operation and following a 
disturbance’ [172] . 

Short Circuit Ratio (SCR): From control theory perspective SCR is 
understood as impedance ratio between nominal converter and grid 
equivalent. It is represented by (A 1.1.) 

   =
𝑍CON nominal
𝑍THV

 (A 1.1) 

where, 

𝑍CON nominal is the nominal converter impedance, 

𝑍THV is the equivalent of the grid. 
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A2. Dynamics of continuous system’s interaction with 
discrete system 

 

Figure A 1: Simple first order circuit in space vector representation. 

Solving the system with hold of the input current and hence output voltage 
is calculated as follows. Considering initial conditions for 𝑖0 = 𝑖t = 0, where 
𝑖0 is an arbitrary voltage input value and is determined by load flow 
calculation in case of discreet simulation. The general voltage solution of 
the network in time-domain is given by the following: 

𝑖(𝑡) =
𝑣C
𝐿
𝑡 − 𝐶 (A 2.1) 

where ‘𝐶’ is a constant and is determined by initial conditions. 
Now, we apply first interval 𝑡 = 0 𝑡𝑜 𝑇S ,considering Figure A 1 as reference, 
the following (A 2.2) and (A 2.3) are derived for intervals 𝑡 = 0 and 𝑡 =  𝑇S 
respectively. 

𝑡 = 0 𝑖(𝑡) = 𝑖01 = −𝐶 (A 2.2) 

𝑡 = 𝑇S 𝑖(𝑇𝑆) = 𝑖01 (1 −
𝐾R𝑇S
𝐿
)
1

 (A 2.3) 

Similarly, for the second interval 𝑇S ≤ 𝑡 ≤ 2𝑇S, considering Figure 2.15 as 
reference the following equation is obtained: 

𝑡 = 2𝑇S 𝑖(𝑇𝑆) = 𝑖01 (1 −
𝐾R𝑇S
𝐿
)
2

 (A 2.4) 

From (A 2.3 and (A 2.4) the generalized equation is written as (A 2.5), where 
𝑖0 is the initial value of current from load flow and 𝑇S is the sampling time 
period and 𝑛 is the number of samples. 

𝑖(𝑛𝑇𝑆) = 𝑖0 (1 −
𝐾R𝑇S
𝐿
)
𝑛

 (A 2.5) 

Equation (A 2.5) is the final solution and equivalent to Equation (2.38) 
described in Chapter 2, Section 2.5.2.  
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A3. Space vector representation of voltage 

 

Figure A 2: Various coordinate systems in space vector theory. 

There are several options of a coordinate system to represent an arbitrary 
space vector 𝑣M as depicted in Figure A 2. Since dq designates a rotating 
coordinate system, the coordinates of space vector 𝑣M are constant values 

at steady-state. Whereas in αβ coordinate system at rest, the coordinates of 
space vector 𝑣M are given by trigonometric functions. 

Now, to recover three phase quantities from αβ coordinate system the 
projections onto 𝐿1, 𝐿2 and 𝐿3 coordinate axis have to be performed (right-
handed). 

A coordinate transformation is bijective – Two real signals ≡ one complex 
signal as described below: 

𝑣α =
(2𝑣1M − 𝑣2M − 𝑣3M)

3
⁄  (A 3.1) 

𝑣β =
(𝑣2M − 𝑣3M)

√3
⁄  (A 3.2) 

For control purpose, 𝑣M = 𝑣α  j ∙ 𝑣β is transformed into ρdrιdr coordinate 

system for PRP The space vector components are transformed as: 

[
𝑣ρ
𝑣ι
] =  [

𝑐𝑜𝑠 (𝜗n − 𝜗dr) 𝑠𝑖𝑛 (𝜗n − 𝜗dr)
−𝑠𝑖𝑛 (𝜗n − 𝜗dr) 𝑐𝑜𝑠 (𝜗n − 𝜗dr)

] [
𝑣α
𝑣β
] (A 3.3) 

  

 

 

 

 

 1

 2

 3

   

   

 rbitrary measured voltage
as space vector

 hree phase coordinate axis

 ixed dq frame 

New coordinate (
due to the frequency drift
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A4. Nomenclature for voltage  

In RMS simulation domain, the per-unit values are based on RMS values 
and in EMT simulation domain they are based on EMT base value (peak).  

In EMT domain for a mono-frequent positive sequence signal, the based 
quantity matches the corresponding based RMS domain quantity. 

𝑉̂LG = 
√2∙𝑉n

√3
≜ 1 pu, is the EMT base value, 

𝑉LG =
𝑉n

√3
≜ 1 pu,is the RMS base value, 

where, 𝑉n = 0.    𝑉 (line-line or Root Mean Square value). 

For example, a positive sequence signal at fundamental frequency, space 

vector with magnitude of nominal value (𝑉̂LG) is represented by:  

𝑣 =  𝑉̂LG ∙ 𝑒
j(2∙𝜋∙𝑓n∙𝑡+𝜃) =  𝑉̂LG ∙ 𝑒

j𝜃 ∙ 𝑒j(2∙𝜋∙𝑓n∙𝑡) = 𝑉̂  ∙ 𝑒j(2∙𝜋∙𝑓n∙𝑡) (A 4.1) 

In cartesian coordinate system the space vector is given by: 

𝑣 = 𝑣α  j ∙ 𝑣β  (A 4.2) 

In the EMT domain plots, the based voltage magnitude are given by 
|𝑣|

𝑉̂LG
.  

While, in RMS domain simulation plots the based voltage magnitude are 

displayed as 
𝑉

 (
𝑉n

√3
)
 , considering line-to-ground voltage (𝑉LG = 

𝑉n

√3
).  
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A5. Solution of stable operating point 

The voltage at the measurement node is given by: 

𝑉M = 𝑉C − j𝑋C𝐼𝐶 (A 5.1) 

As 𝑉M is a real quantity, since   {𝑉M} = 0. Hence, the following is 

considered. 𝑉M = |𝑉M|e
j0. On solving (A 5.1) for 𝜑 in terms of 𝑉M, and 

substituting the value for 𝐼C , (A 5.2) to obtained with 𝑉C = 1e
j𝜑. Equation 

(A 5.3) describes the denominator value in (A 5.2) as described below: 

𝑉M = e
j𝜑 − j𝑋C (

−𝑅  𝑉C𝑅  j𝑋C𝑉C
𝑋N(𝑋T  𝑋C) − j𝑅(𝑋N  𝑋C  𝑋T)

) (A 5.2) 

𝐷 = 𝑋N(𝑋T  𝑋C) − j𝑅(𝑋N  𝑋C  𝑋T) (A 5.3) 

On further simplification the final solution is given by: 

𝑉M = e
j𝜑  (1 −

1

𝐷
(j𝑅𝑋C − 𝑋C𝑋N))

⏟                
𝑐1

 
j𝑅𝑋C
𝐷⏟
𝑐2

 
(A 5.4) 

The equation (A 5.4) is general solution. Equation (A 5.4) is utilized to plot 
the network solutions and is a circle. Here, 𝑐1 and 𝑐2 are network 
impedances. Equation (3.6) is obtained by imposing the condition 

  {𝑉M} = 0 to (A 5.4) in the Appendix. 

The complete solution of (3.6) in terms of the network impedances is given 
in (A 5.5).  

𝜑 =

 −  in−1(
(𝑅𝑋𝐶

2𝑋N+𝑅𝑋C𝑋N𝑋T)

√(((𝑋N𝑋T)
2+(𝑋N

2𝑋C𝑋T)+(𝑅𝑋N)
2+(𝑅𝑋T)

2+(𝑅2𝑋C𝑋N)+(2𝑅
2𝑋N𝑋T)+(𝑅

2𝑋C𝑋T))
2
+(𝑅𝑋C𝑋N)

2)

)  

− tan−1 (
(−𝑅𝑋C𝑋N

2)

((𝑋N𝑋T)
2+(𝑋N

2𝑋C𝑋T)+(𝑅𝑋N)
2+(𝑅𝑋T)

2+(𝑅2𝑋C𝑋N)+(2𝑅
2𝑋N𝑋T)+(𝑅

2𝑋C𝑋T))
)  

(A 5.5) 
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A6. Frequency shifting property of Laplace transform 

In systems theory, expressions based on the Laplace 𝑠-domain in complex 
frequency domain are represented by the following:. 

𝑠 = j𝜔 (A 6.1) 

where, jω is the angular frequency on the imaginary axis. 

In the context of dq-transformation, a signal corresponds to a 

multiplication by e−j𝜔𝑡. i.e., 𝑥(𝑡) ∙ e−j𝜔𝑡, in time domain. 

The application of frequency shifting property defined in (A 6.2) results in 
(A 6.3), where 𝐿𝑇 stands for Laplace transform. [173] 

e−𝑎𝑡 ∙ 𝑥(𝑡)
𝐿𝑇
↔𝑋(𝑠  𝑎) (A 6.2) 

𝑥(𝑡) ∙ e−j𝜔𝑡
𝐿𝑇
↔𝑋(𝑠  j𝜔) (A 6.3) 

 

Figure A 3: Circuit diagram. 

Space vector equation (A 6.4) is an example for the application of frequency 
shifting property. It is applied to the circuit in Figure A 3, using the passive 
sign convention with English voltage source orientation (conventional 
flow) [111, 133]. The circuit is equivalent to Figure 3.5. Here 𝑣(𝑡) and 𝑢(𝑡) are 

voltages in αβ domain. 

𝑣(𝑡) = 𝑢(𝑡) − 𝐿
d

dt
𝑖(𝑡)

𝐿𝑇
↔𝑉(𝑠) =  𝑈(𝑠) − 𝑠𝐿𝐼(𝑠) (A 6.4) 

Evaluating (A 6.4) at steady-state conditions with 𝑠 = j𝜔, the following 
equation is attained: 

[
𝑉α(j𝜔)
𝑉β(j𝜔)

] =  [
0 𝜔𝐿
−𝜔𝐿 0

] [
𝐼α(j𝜔)
𝐼β(j𝜔)

]  [
𝑈α(j𝜔)
𝑈β(j𝜔)

] (A 6.5) 
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Applying transformation from αβ to dq domain to equation (A 6.4), (A 6.6) 
is obtained. Simplifying (A 6.6), (A 6.7) and finally obtains (A 6.8) with 𝑉, 
𝑈 and 𝐼 in time domain as follows: 

𝑣(𝑡) = 𝑢(𝑡) − 𝐿
d

dt
𝐼(t)ej𝜔𝑡 (A 6.6) 

𝑉(𝑡)𝑒j𝜔𝑡 = 𝑈(t)ej𝜔𝑡 − j𝜔𝐿𝐼(𝑡)ej𝜔𝑡 − 𝐿ej𝜔𝑡
d

dt
𝐼(𝑡) (A 6.7) 

𝑉(𝑡) = 𝑈(𝑡) − j𝜔𝐿𝐼(𝑡) − 𝐿
d

dt
𝐼(𝑡) (A 6.8) 

Now, applying 𝐿𝑇 to (A 6.8, the expression below is obtained: 

𝑉(𝑠) = 𝑈(𝑠) − j𝜔𝐿𝐼(𝑠) − 𝑠𝐼(𝑠)𝐿 (A 6.9) 

Decomposing (A 6.9) into d and q componenet, and evaluating at steady-
state with 𝑠 = j𝜔, the following is obtained: 

[
𝑉d(j𝜔)
𝑉q(j𝜔)

] =  [
−𝑠𝐿 𝜔𝐿
−𝜔𝐿 −𝑠𝐿

] [
𝐼d(j𝜔)
𝐼q(j𝜔)

]  [
𝑈d(j𝜔)
𝑈q(j𝜔)

] (A 6.10) 

Now, applying frequency shifting property in (A 6.3) to 𝐿𝑇 part of (A 6.4), 

and considering the space vector definition 𝑥 = 𝑥(𝑡) ∙ ej𝜔𝑡, equation below 
is obtained: 

𝑉(𝑠 − j𝜔) =  𝑈(𝑠 − j𝜔) − 𝑠𝐿𝐼(𝑠 − j𝜔) (A 6.11) 

Now setting 𝑠′ = 𝑠 − j𝜔 in (A 6.11), (A 6.12) results. On decomposing (A 
6.12) into d and q componenet, (A 6.13) and (A 6.14) is gained as below: 

𝑉(𝑠′) =  𝑈(𝑠′) − (𝑠′  j𝜔)𝐿𝐼(𝑠′) (A 6.12) 

( 𝑉𝑑  j𝑉𝑞)(𝑠′) =  ( 𝑈𝑑  j𝑈𝑞)(𝑠′) − (𝑠′  j𝜔)𝐿( 𝐼𝑑  j𝐼𝑞)(𝑠′) (A 6.13) 

[
𝑉d(𝑠′)

𝑉q(𝑠′)
] =  [−𝑠′𝐿 𝜔𝐿

−𝜔𝐿 −𝑠′𝐿
] [
𝐼d(𝑠′)

𝐼q(𝑠′)
]  [

𝑈d(𝑠′)

𝑈q(𝑠′)
] (A 6.14) 

Evaluating at steady.-state condition  = jω, hence  ′ = 0, the following is 
obtained: 

[
𝑉d(0)
𝑉q(0)

] =  [
0 𝜔𝐿
−𝜔𝐿 0

] [
𝐼d(0)
𝐼q(0)

]  [
𝑈d(0)
𝑈q(0)

] (A 6.15) 
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Equations (A 6.5) and (A 6.15) display steady-state with the same 
dependencies as regards to AC or DC quantities, respectively. However, 
they are not equivalent. 

Here, 𝑠′ is the steady-state condition in dq domain and is zero value. For 
uniformity, it is referred to as 𝑠 in dq domain in this work. 
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A7. Phase and frequency interpretation 

Voltage space vector in dq domain and corresponding phase are described 
below: 

𝑣(𝑡) = 𝑉̂ ∙ e(j2𝜋𝐹n𝑡)) = √2 ∙ 𝑉 ∙ e(j2𝜋𝐹n𝑡)) (A 7.1) 

arg (𝑉(𝑡)) = atan(
  {𝑉(𝑡)}

 e{𝑉(𝑡)}
) (A 7.2) 

where, on sampling 
 𝐚𝐫𝐠 (𝑽(𝒌 ∙ 𝑻𝐬)),  𝒌 = 𝟏…𝒏  (𝐬𝐞𝐭 𝐨𝐟 𝐧𝐚𝐭𝐮𝐫𝐚𝐥 𝐧𝐮𝐦𝐛𝐞𝐫𝐬) 

∆ arg = arg (𝑉(𝑘 ∙ 𝑇s)) − arg (𝑉((𝑘 − 1) ∙ 𝑇s)) (A 7.3) 

∆𝐹 = 𝑓(∆arg) (A 7.4) 

∆𝐹 = 𝐹 − 𝐹n (A 7.5) 

where, 𝐹 is frequency, 𝐹n is the nominal values and ∆𝐹 is the difference in 
frequency as given in (A 7.4)and (A 7.5). 

Argument or arg has the full mathematical information (A 7.3) and 
frequency is extracted from the filter (e.g., a discrete 1st order filter 
system). Equation (A 7.1) is the RMS representation of voltage space vector 
consistent with simulation results and the phase or argument displayed (A 
7.2) is the phase of 𝑉. 
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A8. Scenario description of self-stabilizing droop and 
current limitation control 

 

Figure A 4: Scenarios ordered in ascending 𝑍 value with its explicit 𝑅Fact and 𝑋Fact. 
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A9. Responses of self-stabilizing droop (K2) 

 
Figure A 6: Case 3: (a) and (b) CON1 and CON2 active power flow no reference change; 
(c) Load active power flow; (d), (e) and (f) Voltage magnitude; (g) and (h) Frequency drift 
in converter control; (i) Frequency deviation in network. 
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Figure A 5: Case 2: (a) Active power flow with no reference change; (b) Load active power 
flow; (c) and (d) Voltage magnitude; (e) Frequency drift in converter control; (f) Frequency 
deviation in network. 
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Figure A 7: Maximum 𝑰̂ of CON1 for each 121 cases without current limitations. 

 

Figure A 8: Maximum 𝐼 of CON2 for each 121 cases without current limitations. 
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Figure A 9: CON1 active power flows for 121 shunt impedance variation with no reference 
change. 

 

Figure A 10: CON2 active power flows for 121 shunt impedance variation with no 
reference change. 
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Figure A 11: CON1 reactive power flows responses for 121 cases of shunt impedance 
variation with no reference change. 

 
Figure A 12: CON2 reactive power flows responses for 121 cases of shunt impedance 
variation with no reference change. 
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Figure A 13: CON1 voltage space vector magnitude (𝑉̂) at MEAS1 node for 121 shunt 
impedance variation. 

 
Figure A 14: CON2 voltage space vector magnitude (𝑉̂) at MEAS2 node for 121 shunt 
impedance variation. 
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Figure A 15: Frequency drift in converter control CON1 (𝜔𝑑𝑟) for 121 shunt impedance 
variation. 

 
Figure A 16: Frequency drift in converter control CON2 (𝜔𝑑𝑟) for 121 shunt impedance 
variation. 

   
 

   
 



Appendix 

227 

A10. Response of current limiting control  

 
Figure A 17: CON1 active power flows responses with current limiter for various shunt 
impedance values (121 cases) and no reference change. 

 
Figure A 18: CON2 active power flows responses with current limiter for various shunt 
impedance values (121 cases) and no reference change. 
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Figure A 19: CON1 reactive power flows responses with current limiter for various shunt 
impedance values (121 cases) and no reference change. 

 
Figure A 20: CON2 reactive power flows responses with current limiter for various shunt 
impedance values (121 cases) and no reference change. 
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A11. Test bench and scenario description: IEEE 9 Bus 
System 

 

Figure A 21: IEEE 9-Bus System with disturbances marked in figure. 

The IEEE 9-Bus system is the considered test bench for comparing the 
different GFM schemes as it commonly used for assessing the dynamic 
behavior of new elements and concepts in power system operations. The 
network parameters are selected according to [174, 175]. Each source (SRC) 
has sufficient capacity to provide additional active and reactive power 
support. Figure A 21 displays the IEEE 9-Bus System with the necessary 
modifications to the original case comprising of only machines. The 
following three test cases are considered: 

• Case 1: SRC 1 and 2 are replaced with Droop-based GFM. 

• Case 2: SRC 1 and 2 are replaced with VSM GFM. 

• Case 3: SRC 1 and 2 replaced with PRP GFM. 

Table A 1 presents each source’s active and reactive power flow values on a 
100 MVA system base. A minor power dispatch deviation in the GFM 
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schemes is noticeable compared to the base case due to differences in Q(V) 
control in each control scheme caused by the converter controls' simplicity. 
The network comprises of three loads modelled as constant power, except 
at Bus 5, modelled as a dynamic load (frequency dependent with 
impedance characteristic). The event occurs at 0.6 sec and is simulated in 
each test case subjected to one loss of generation disturbance scenario. The 
scenario is a significant disturbance that involves the disconnection of 
Bus 7, causing dynamic loss of a generation unit – SRC 3 modelled as a 
synchronous machine. This scenario also represents dynamic islanding, 
demonstrating each control scheme stabilizing and forming capabilities 
when the grid is fully converter-operated. Additionally, due to loads being 
frequency dependent, the self-regulating effect is visible in the plot Figure 
5.4. Section 5.2 analyses and compares the response to the event for each 
scheme. Further details are available in [32].  

Table A 1: Initial operating point of the sources in the test cases. 

Case Bus 1 Bus 2 Bus 3 

Base 
𝑝 (pu) 1.481 1.518 0.187 

𝑞 (pu) 0.189 0.087 -0.113 

Droop 
𝑝 (pu) 1.481 1.518 0.173 

𝑞 (pu) 0.131 0.063 0.060 

VSM 
𝑝 (pu) 1.481 1.518 0.157 

𝑞 (pu) 0.174 0.025 0.078 

PRP 
𝑝 (pu) 1.481 1.518 0.513 

𝑞 (pu) 0.199 0.084 -0.149 

Droop, VSM, and PRP control are compared in the above test bench with 
respective parameters in Table A 2, Table A 3 and Table A 4. 

Table A 2: Droop control parameters. 

Parameters Unit Values 

𝑘p pu 0.05 

𝑘q pu 0.20 

𝑇f sec 0.05 
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Table A 3: VSM control parameters. 

Parameters Unit Values 

𝑇a sec 10.0 

𝑘q pu 0.10 

𝑘f pu 1.00 

𝑇f sec 1.00 

𝑘d pu 25.00 

Table A 4: PRP control parameters. 

Parameters Unit Values 

𝐾1 pu 1.00 

𝑇1 sec 
1

50 × 2𝜋
 

𝑇2 sec 0.01 
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A12. Load flow solution of a single source 

Based on the network described in Figure 5.1, the load flow solution is 
described as follows:  

𝑃  j𝑄 =  
|𝑉|

2

𝑅 − j𝑋
 (A 12.1) 

𝑃 = 
𝑅 ∙ |𝑉|

2

𝑅2  𝑋2
 (A 12.2) 

𝑄 = 
𝑋 ∙ |𝑉|

2

𝑅2  𝑋2
 (A 12.3) 

The active power equates to (A 12.2), while the reactive power is (A 12.3). 

The solution (A 12.2) or (A 12.3) has no dependency on phase. 

Therefore, a GFM scheme should not incorporate control of absolute phase 
but reflect frequency dependency on 𝑋 as (𝑋 = ω𝐿).  
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A13. Application of Phase Restoring Principle as super-
capacitors 

 

Figure A 22: Capacitor solution as SVC PLUS Frequency Stabilizer®, a Siemens Energy 
Solution (adapted from Siemens Energy AG [176]). 

 
  

 ransfomer rid  onverter Supercapacitors
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A14. Laboratory set up of the MVDC-HVDC test system 

 
Figure A 23:  

(a) Real time simulators: RTDS NovaCor 1.0 (©2024 RTDS Technologies Inc. AMETEK);  

(b) System setup as PHiL in microgrid ENGiNe laboratory with simulation running on 

RSCAD®FX of RTDS and the CHiL linear amplifiers (SPS);  

(c) Three-phase fan-heater of up to 7 kW rating used as switchable loads;  

(d) MMC converter with integrated Li-ion batteries. 
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Table A 5: Parameters of HVDC-MVDC Converter (640 kV/110 kV) [163]. 

Parameters Unit Value 

𝑆DCDC MW 200 

𝑈DC,HV kV 640 

𝑈DC,MV kV 110 

𝑓AC Hz 150 

𝑈AC,HV kV 377 

𝑈AC,MV kV 56 

𝑈SM,HV kV 2.0 

𝑛SM,HV - 330 

𝑛SM,MV - 51 

Table A 6: Parameters of battery integrated via DC/DC converter (110 kV/1 kV) [165, 167]. 

Parameters Unit Value 

𝑆DCDC,tot MW 55 

𝑃DAB3 kW 250 

𝑈pri,DC kV 110 

𝑈sec,DC kV 1 

𝑓sw kHz 1 

𝑛SM,seriesperstack - 22 

𝑛SM,parallelperstack - 22 

*Note:   - switching frequency, 𝑆𝑀-sub modules 
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Abbreviations & Symbols 

Abbreviations 

3Ph-DAB Three-Phase Dual-Active Bridge (3Ph-DAB) 

AC Alternate Current 

AEMO Australian Energy Market Operator 

APC Active Power Control 

BPS Bulk Power System 

CHiL Control-Hardware-in-the-Loop 

CL Current Limiter Logic in Phase Restoring Principle 

COPS Converter Operated Power System 

DAB Dual-Active Bridge 

DC Direct Current 

DG Distributed Generation  

DI Discrete integrator  

EMT Electromagnetic Transient  

ENTSO-E 
European Network of Transmission System 
Operators 

FFR Fast Frequency Response  

FLL Frequency-Locked Loop  

GFL  Grid-Following 

GFM Grid-Forming  

GW Gigawatts 

HECO Hawaiian Electric Company 

HiL Hardware-in-the-Loop 
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HMI Human-Machine Interface 

HVDC High Voltage Direct Current 

IBR Inverter-Based Resource 

𝐿𝑇 Laplace Transform 

Li-ion Lithium-ion battery 

MEAS Measurement node for PRP 

MPPT Maximum Power Point Tracking 

MV Medium Voltage 

MVDC Medium Voltage Direct-Current  

MVA Mega voltampere 

Mvar Mega voltampere 

MW Mega watt 

NEM Australian National Electricity Market 

NGA New Grid Access 

NGESO National Grid Electricity System Operator  

OEM Original Equipment Manufacturer 

PCC Point of Common Coupling  

PD-I Proportional–derivative-integral controller 

PDT Phasor Domain Transients 

PE Power Electronic  

PF Power Factor  

PHiL Power-Hardware-in-the-loop 

PD Proportional-derivative controller 

PI Proportional-Integral controller 
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PID Proportional–integral–derivative controller 

PLL Phase-Locked Loop  

PRP Phase Restoring Principle 

pu per-unit  

PWM Pulse Width Modulation  

RMS  Root Mean Square  

RoCoF Rate of Change of Frequency 

RTS Real-time simulator 

S&H Sample and Hold  

SCR Short Circuit Ratio 

SLK Slack or grid equivalent 

SM Synchronous Machine  

SO System Operator 

SSA State-Space-Averaging (SSA) 

SSCI Sub-Synchronous Controller Interaction 

STATCOM Static Synchronous Compensator 

TSO Transmission System Operator 

VS Vector Shift 

VSC Voltage Source Converter  

VSM Virtual Synchronous Machine 

WG Working Group 
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General Symbols 

|𝑥| Absolute value 

≅ Approximately equal to 

𝑧 =  𝑅𝑒{𝑧}    𝐼𝑚{𝑧}  =  |𝑧|𝑒j𝑎𝑟𝑔{𝑧} Arbitrary complex number 

𝑎𝑟𝑔{𝑧} = tan−1 (
𝐼𝑚{𝑧}

𝑅𝑒{𝑧}
) 

Argument of the complex 
function 

𝑋(𝑠) Frequency domain value 

𝐼𝑚{𝑧} 
Imaginary part of complex 
number 

j Imaginary unit 

𝑠 Laplace operator 

≈ Linear approximate 

𝑋 Magnitude (real value) 

𝑋̂ Peak value 

𝑥 Per-unit value 

𝜋 Pi 

𝑋 Phasor in complex domain 

𝑅𝑒{𝑧} Real part of complex number 

ℤ Set of integers 

∆ Small deviation 
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𝑥(𝑡) or 𝑥 Space vector 

𝑓: 𝐴 → 𝐵 Surjection 

𝑥(𝑡) Time domain value 

 

Subscripts 

    Converter source related 

  Coupling impedance node  

   DC-link related 

d d-component 

 act Impedance factor 

   Line-to-line 

   Line-to-ground 

  Measurement data 

 ea  Measurement node related 

n Nominal value 

pcc PCC related 

M    PRP measurement node related 

  Network impedance node  

peak Peak values 
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T Transformer impedance node  

THV Thévenin-equivalent voltage or grid equivalent 

q q-component 

0 
Quantity at the operating point or initial 
conditions 

re  Reference value 

1 Related to Converter 1 

2 Related to Converter 2 

      Slack source related 

 

Special symbols 

𝜙0 Absolute load flow phase 

𝑃m Active power 

αβ Alpha-beta coordinate frame. 

𝜑 Arbitrary converter phase 

𝜃 Arbitrary measurement phase 

𝑆 Complex power 

𝐶 Constant 

𝐼𝐶 Converter current 

𝑉CON or 𝑈(𝑠) Converter source voltage 

𝑋C Coupling impedance 

𝐼 = |𝑖| Current magnitude  

𝐼Ref Current reference 
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𝑖∗ Current setpoint of an ideal current source 

𝐼d  urrent’s direct component 

𝐼q  urrent’s quadrature component 

𝑑𝑒𝑡(𝐴) Determinant of a matrix 𝐴 

𝛿(j𝜔) Dirac distribution 

dq dq coordinate frame. 

𝛥𝜔 Frequency deviation 

𝑋GEN 
Generator impedance inclusive of transformer 
impedance 

𝑖h homogeneous solution 

𝑍 =  𝑅  j𝑋 Impedance load in complex domain 

𝑍 = √ 𝑅2  𝑋2 Impedance load magnitude 

𝐿 Inductance  

𝜑0  Initial phase of the converter output voltage  

𝑉0 = 𝑉̂LG 
Initial magnitude of the converter output voltage 
in pu  

𝑃∗ Inner active power setpoint generated in control 

𝜔∗ Inner frequency setpoint generated in control 

𝑄∗ 
Inner reactive power setpoint generated in 
control 

𝑉∗ 
Inner voltage amplitude setpoint generated in 
control 

𝐻 Machine inertia constant 

𝑥𝑑′′ Machine sub-transient impedance 

𝑃1m ≡ 𝑃1 Measured power of converter 1 

𝑃2m ≡ 𝑃2 Measured power of converter 2 

𝑋N Network impedance 
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𝜑 Network phase 

𝜔n Nominal 

𝐼n Nominal continuous peak current 

𝑉̂n Nominal continuous peak voltage 

𝐹n Nominal frequency in Hertz 

𝑓n  r 𝜔n Nominal frequency in pu 

𝑉n Nominal voltage 

𝜌dr𝜄dr Novel coordinate system  

𝑖p Particular solution 

𝑉̂LG Peak line-to-ground voltage 

𝐹p Perturbation frequency in Hz 

𝜃 Phase angle 

∆𝜑 Phase difference or phase change 

𝜙(𝑡) Phase of the voltage 

(𝜗n − 𝜗dr) Phase Restoring angle 

𝑉 Phasor part of voltage 

𝐼 Peak current (magnitude) 

𝑉̂ Peak voltage (magnitude) 

𝑐′ =
1

𝑐
 Power frequency droop or weighted gain 

𝑃m PRP Control active power measurement  

𝑃ref PRP Control active power reference  

𝑃ref1 PRP Control active power reference 1 

𝑃ref2 PRP Control active power reference 2 

𝐹dr PRP internal control drift frequency in Hertz 



Abbreviations & Symbols 

245 

𝑓dr 𝑜𝑟 𝜔dr PRP internal control drift frequency in pu 

𝑋L
𝑅L
= 
𝜔n𝐿

𝑅L
 Q factor 

𝑞
𝑞⁄  q/q controller transfer 

𝑆n Rating of the converter. 

𝑋Fact Reactance factor 

𝑒′ Reference voltage of PWM 

𝑅Fact Resistance factor 

𝑅 Resistive load 

𝐼RMS RMS current 

𝑉RMS =
𝑉LL

√3
≜
𝑉n

√3
 RMS voltage 

sec Seconds 

𝑇𝑠 Simulation time step 

𝑆𝑘′′ Short circuit power 

𝐼𝑁 Slack or grid equivalent current 

𝑣  Space vector representation of voltage 

𝜙1 =
d𝜙

dt
 Steady-state frequency 

𝑓 or 𝜔 System frequency 

𝑣t Terminal voltage 

𝑉t Terminal voltage magnitude 

𝜃𝑡 Terminal voltage phase angle  

𝑡 Time 

𝑉C Three-phase converter voltages in phasor 

𝑉M Three-phase measurement voltages in phasor 
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𝑋T Transformer impedance 

𝑉MEAS or 𝑉(𝑠) Voltage at the measurement node 

𝐸 Voltage magnitude 

𝑉PCC Voltage PCC in pu 

𝑉 = 𝑉jϑ Voltage phasor 

𝑣Ref Voltage reference 

𝑣∗ Voltage setpoint of an ideal voltage source 

𝑉d  oltage’s direct component 

𝑉q  oltage’s quadrature component 
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Ananya Kuri

A Grid-Forming Control Concept 
from Power System Perspective

The increasing deployment of inverter-based resources (IBRs) in power systems has funda-
mentally shifted their roles, requiring them to deliver many grid services traditionally provided 
by synchronous machines. While most existing IBRs are grid-following, tracking the system 
frequency, the vision of a 100 % converter-operated grid requires these resources to establish 
grid voltage and frequency actively. This transformation necessitates grid stability, adequate 
response to disturbances, and reliable ancillary services, thereby leading to the emergence 
of advanced Grid-Forming (GFM) control strategies. These approaches leverage the speed 
and flexibility of power electronic converters alongside the stabilizing characteristics of 
synchronous machines, enabling effective support for microgrids and bulk power systems.
This thesis introduces a novel GFM converter control strategy from a power system per-
spective that attains global stability. The approach is developed in three phases. In Phase 
1, the ‚Phase Restoring Principle‘ (PRP) is introduced, which utilizes an innovative angular 
transformation to generate a nominal grid frequency without an additional master control. 
Hence, emulating an ideal source with infinite inertia and the response is free of undesirable 
swing dynamics. Building on this foundation, Phase 2 incorporates an enhanced active power 
control to achieve steady-state active power limitation and facilitates cooperation with other 
sources through arbitrary setpoint dispatches. Phase 3 addresses current limitations based 
on the voltage magnitude limiter concept with innovative usage of anti-windup methods. Thus, 
protecting semiconductor devices during severe faults while preserving GFM characteristics. 
Comprehensive validation is provided through analytical derivations, numerical simulations in 
various simulation domains, and a laboratory environment by adopting Power-Hardware-in-
the-Loop tests. The results confirm global stability and robust performance across various 
network configurations, demonstrating that the developed control scheme is mature and 
viable for practical GFM field applications.
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