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Abstract

In line with two goals of the United Nations, i.e., providing affordable and clean energy as
well as combating climate change, various converter-interfaced renewable energy sources
(RESs) are being integrated into the power systems. The transfer of renewable power
generated by the RESs such as offshore wind farms to remote load centers may require the
use of direct current (DC) lines, which are connected to the alternating current (AC) grid
via AC-DC converters. In addition to facilitating the reliable connection of RESs to the
power grid, high-voltage DC (HVDC) lines may be used for the transcontinental exchange
of power to transfer power over long distances.

One of the major challenges in the evolution of AC systems to hybrid AC-DC systems
is the control of converters. Each converter station owns various control loops that require
proper tuning in their stand-alone mode of operation. Furthermore, control loops of adja-
cent converters may also impact one another, and as a result, there must be coordination
among the control design of converters to guarantee stability and appropriate dynamic
response of the entire grid. The control loop interactions among the converters worsen
with increasing the size of the system and the number of converters, especially when one
converter station is already in operation and re-tuning the converter’s controllers is not
an option. Another important aspect of future AC-DC power grids is the employment of
converters built by multiple vendors, who will take part in the development of converter
controllers with unique designs and know-how. These independently designed controllers
will form a part of the grid control system. In this scenario, the stability of the entire
system is of great importance and needs to be verified due to control loop interactions.

This thesis studies both internal and external control loop interactions in voltage-
sourced converters (VSCs) embedded in AC-HVDC systems. This thesis, first, studies
the internal control loop interactions, where the control loops within one single converter
interact with one another, and develops a method to design the individual control loops
within a VSC such that the converter stability is ensured. A metric is proposed to measure
interaction levels, and the impact of interactions on set-point tracking capability is also
investigated.

This thesis, next, considers the connections among various converters either from the
AC side or the DC side and studies the external control loop interactions among the ad-
jacent converters. Regarding the external control loop interactions caused by DC side
connections, suitable system models are introduced to enable individual control design for
the converters in a multi-terminal DC (MTDC)-HVDC grid. As for the AC side external
control loop interactions, two scenarios are considered: 1) the converters are in the grid-
following (GFL) mode of operation, and 2) the converters are in the grid-forming (GFM)
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mode of operation. Regarding the GFL mode of operation, the impact of control modes
on the interactions is studied, and the control modes causing the highest interaction levels
are identified. A novel control design framework is designed to relate the control design
of each converter to the interconnected system stability. The multi-vendor issue then is
considered, and the interactions are mitigated by designing individual robust controllers
or by employing interaction filters. The interaction analyses are then extended to the
parallel connection of GFM converters and hybrid connections of GFL and GFM con-
verters. Stability and coupling analyses are performed among GFL and GFR converters.
small-signal stability of parallel GFM converters is proved, and real-time simulations and
hardware-in-the-loop-test are performed for validating the studies.
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Chapter 1

Introduction

1.1 Motivation

In line with two goals of the United Nations, i.e., providing a�ordable and clean energy as
well as combating climate change, various converter-interfaced renewable energy sources
(RESs) are being integrated into the power systems. According to the International Energy
Association (IEA) report, RESs including wind, solar, and hydroelectric power will be
the fastest-growing energy sources shaping a secure and sustainable energy system by
2050 [10, 76]. The transfer of renewable power generated by the RESs such as o�shore
wind farms to remote load centers may require the use of direct current (DC) lines, which
are connected to the alternating current (AC) grid via voltage-sourced converters (VSCs).
In addition to facilitating the reliable connection of RESs to the power grid, high-voltage
DC (HVDC) lines may be used to transfer power over long distances [6]. Compared
to high-voltage AC transmission lines, HVDC lines appear to be more e�cient for bulk
transmission of power over long distances due to lower investment costs, lower losses,
and better controllability. Furthermore, HVDC transmission provides the possibility of
asynchronous connections between AC systems and creates a �rewall against the severe
blackouts that are otherwise cascaded over di�erent areas [26, 78]. HVDC lines can also
be used to provide electricity to o�shore platforms with minimal harmful impacts on the
surrounding environment. Some examples of HVDC projects around the world are given
in Table 1.1.

The integration of RESs within the grid and the transmission of power over long dis-
tances have resulted in various alterations in power grids. One example is the formation
of multi-terminal direct current (MTDC) systems, where the DC system is connected to
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Table 1.1: Some HVDC projects around the world [1,2,7]

Commissioning Project Name Country Rating(MW) Manufacturer
2018 Maritime Link Canada 500 MW ABB
2010 Trans Bay Cable USA 400MW Siemens
2023 DolWin6 Germany 900 Siemens
2023 Creyke Beck A, UK UK 1200 ABB
2021 ULTRANET Germany 2000 Siemens
2020 ElecLink UK-France 1000 Siemens
2019 Nemo Link UK-Belgium 1000 Siemens
2020 ElecLink UK-France 1000 ABB
2010 Caprivi Link Namibia - Gerus 300 ABB
Ready for infeed DolWin3 Germany 900 GE

2017
Rio Maderia
Bipole II

Brazil 3150 GE

2015
Xiamen, Fujian
Province

China 1000 C-EPRI

the AC system via VSCs [78]. The general idea behind the formation of a global "super
grid" is to expand the existing point-to-point HVDC connections to multi-terminal and
then meshed con�gurations, as shown in Fig. 1.1 [78]. Unlike point-to-point con�gura-
tions, multi-terminal HVDC systems create the possibility of having di�erent tappings on

Figure 1.1: Di�erent stages of a DC grid development in Europe [11].
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the DC side, and thus power can be transferred to di�erent areas, or new sources of power
can be easily added to the DC side. Furthermore, meshed DC systems can decrease the
number of converters used on the DC side to provide alternative paths for power to 
ow if
an outage occurs [78]. Therefore, in the future hybrid AC-DC systems, several converters
may be located in close proximity.

Another important aspect of future super grids is the employment of converters built
by multiple vendors, who will take part in the development of converter controllers with
unique designs and know-how. These independently designed controllers will form a part
of the grid control system. In this scenario, the stability of the entire system is controver-
sial and needs to be veri�ed due to control loop interactions. A signi�cant concern in the
multi-vendor realization of super grids is the con�dentiality of information of each party.
Con�dentiality requires an independent design of converter controllers with limited infor-
mation about the design of other parties. As an example, the converter stations embedded
in the HVDC system of the Johan Sverdrup (JS) project are planned to be designed and
commissioned in two phases. In the �rst phase, the in-operation line of the JS HVDC
project was built by ABB. Another line is going to be added to this project by Siemens in
the second phase. Therefore, at the end of this project, two HVDC lines and the associated
converter stations from two di�erent suppliers will be located in close proximity. As full
models cannot be exchanged between the suppliers, and the suppliers have created individ-
ual designs, interaction testing is required to integrate the two HVDC lines and converter
stations. The interaction testing and the required changes in each supplier's design will be
performed by a third party through an iterative process. The test cases will be run, and
the reports generated will be used to direct suppliers in modifying their designs [8]. Fig.
1.2 shows a schematic diagram of the JS HVDC project.

1.2 Statement of the Problem and Objectives

An interaction is de�ned as a situation in which the components within the HVDC system
a�ect each other, causing the system response to deviate from the intended one. The VSCs
embedded in AC-HVDC systems are controllable devices and own several control loops.
Control loop interactions occur when the control loops within one converter a�ect each
other or those of the neighbouring converter(s). The two types are respectively referred to
as internal and external control loop interactions. It should be underlined that the control
loop interactions depend not only on the controllers and their parameters but also on the
physical connection among the converters [25]. Thus, external control loop interactions are
due to the interactions of nearby converters connected to each other on the AC side or due
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Figure 1.2: Johan Sverdrup HVDC project [8].

to likely interactions with converters connected to a shared DC system. The con�guration
of the DC system impacts the latter, while the connection at the AC side impacts the
former.

This thesis focuses on both internal and external control loop interactions in VSCs
embedded in AC-HVDC systems. Fig. 1.3 shows a general classi�cation of di�erent types
of control loop interactions. As for the con�guration of the system under study, two
types of connections are considered: I) converters are connected to the same AC grid and
share the same point of common coupling (PCC), and II) converters share a common DC
system. The exact con�guration of the DC system is not the focus of this research; the
only requirement is to have some connections among the converters at the DC side so that
their control loops' mutual impact on one another can be studied. As for the adjacent AC
system, because this research does not address the impact of control loops of converters
on those of the AC system and vice-versa, the AC system is modelled as a voltage source
behind an impedance.

The main objectives of this thesis are listed below:

1. Internal control loop interactions:

� To study the impact of internal control loop interactions on the stability and
performance of a VSC.

� To study di�erent parameters that impact interactions.

� To mitigate the internal interactions by tuning the controller parameters.
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2. External DC side control loop interactions:

� To study the external control loop interactions among the converters connected
to a shared DC system.

� To develop system models for control design to mitigate the interactions.

3. External AC side control loop interactions:

� To study the interactions among grid-following converters sharing the same PCC
and analyze the impact of the control mode on the interactions.

� To develop control design methods to mitigate the interactions in converters
sharing the same PCC with multi-vendor considerations.

� To develop interaction �lters to mitigate the interactions in converters sharing
the same PCC with multi-vendor considerations.

� To study the impact of control philosophy, i.e., grid-following and grid-forming,
on the stability and level of interactions in parallel converters connected to a
shared PCC.

� To study the stability of parallel grid-forming converters connected to a shared
PCC.

1.3 Methodology

The following methodology is used to achieve the objectives mentioned in Section 1.2.

Figure 1.3: Classi�cation of control loop interactions in VSC-HVDC systems
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� Construct linear and nonlinear averaged models (type 6 model de�ned in CIGRE
B4.57 [48]) of a single VSC, VSCs connected to a common AC system, and VSCs
connected to a common DC system.

� Develop detailed equivalent circuit models (type 4 model de�ned in CIGRE B4.57
[48]) in EMT software environments such as EMT/SIMULINK and PSCAD.

� Perform model validation to evaluate the consensus between the detailed and aver-
aged models.

� Obtain the state-space and transfer function models of each one of the averaged
models.

� Study the internal and external control loop interactions using the state-space and
transfer function models, and design controllers and interaction �lters to mitigate
the interactions.

� Perform time-domain simulations in Matlab/SIMULINK and EMT software environ-
ment to evaluate the validity of the interaction studies and controller designs. All
the time-domain simulations are performed under small disturbances (small-signal
stability and dynamic performance).

� Validate the results of o�ine EMT simulations using real-time simulations and hardware-
in-the-loop (HIL) tests.

1.4 Thesis Outline

This thesis is prepared in nine chapters. Chapter 2 reviews the available studies on control
loop interactions in VSC-HVDC systems. Chapter 3 addresses the internal control loop
interactions within one VSC. Chapter 4 studies the DC side control loop interactions.
Chapter 5 focuses on the AC side external control loop interactions. Chapter 6 and Chapter
7 present methods for mitigating control loop interactions in parallel VSCs with multi-
vendor considerations. Chapter 8 focuses on the AC side external control loop interactions
among grid-following and grid-forming converters, and chapter 9 concludes the thesis and
recommends future lines of research.
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Chapter 2

Literature Review

2.1 Introduction

This chapter presents a review of the available studies on control loop interactions in
voltage-sourced converter (VSC)-high-voltage direct current (HVDC) systems. The chap-
ter is categorized into two sections: internal control loop interactions and external control
loop interactions. The latter is classi�ed based on the type of interactions (DC side and
alternating current (AC) side) and the control philosophy under which each converter is
controlled (grid-forming (GFM) and grid-following (GFL)).

2.2 Internal Control Loop Interactions

VSCs embedded in HVDC systems are usually controlled in the direct (d)-quadrature (q)
rotating reference frame based on a cascaded scheme, where the inner loops control the
current, and the d-axis and q-axis outer control loops regulate the DC voltage or active
power and the AC voltage or reactive power, respectively [86]. Moreover, a phase-locked-
loop (PLL) is utilized to align the dq-reference frame with the voltage at the point of
common coupling (PCC) and to synchronize the rotation speed of the reference frame with
the AC grid frequency [86], [83]. Assuming that the VSC active and reactive power control
loops are decoupled at steady-state if the AC grid is sti� [86], a large number of studies on
the design of VSC controllers o�er solutions based on independent control of d-axis and
q-axis control loops [20{22,77,83,88]. However, the outer control loops in a VSC interact
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with one another when VSC is connected to a weak AC system [23,35] or even to a strong
AC system [83].

To properly design the individual d-axis and q-axis control loops as well as PLL, �rst,
the impact of control loop interaction on VSC stability should be analyzed. This issue
has been addressed in several studies using i) time-domain simulations [28, 95], ii) modal
analysis [44,46], iii) Nyquist plots [44], iv) Bode diagrams [46,97], and v) the equivalent of
the motion equation of synchronous generators for VSCs. [47,80,88].

Using time-domain simulations, [95] illustrates that PLL gain strongly a�ects the sta-
bility of VSCs connected to weak AC systems, whereas it can be neglected in the stability
analysis of VSCs connected to strong AC systems [28]. In [46], using modal analysis and
Bode diagrams, the impact of changing the controller gains of the DC voltage control loop
(DVCL) and the AC voltage control loop (AVCL) on the location of eigenvalues of a single
VSC and consequently stability is analyzed. In [44], modal analysis and the DC gain of
transfer functions is used to study the impact of interactions among PLL, DVCL and AVCL
on the power stability limit. The modal analysis in [81] addresses the resonance between
PLL and DVCL and its impact on VSC stability. Using Bode diagrams, the impact of PLL
on DVCL stability is studied in [97] (considering PLL and DVCL) and [46] (considering
PLL, DVCL, and AVCL). The similarity between the dynamic behaviour of DC voltage
and that of a synchronous generator's rotor is used in [47, 80, 88] to study the impact of
interactions on stability. Several dynamic indices based onH1 norm of transfer functions
are proposed in [17] to quantify the level of interactions among the control loops in the
DC link time-scale.

In addition to the studies that showed the negative impact of control loop interactions
on VSC stability and dynamic performance, using eigenvalue and modal analysis, several
papers provided controller tuning methods to improve VSC stability. For example, increas-
ing the proportional gain of the AVCL controller [44, 88] and decreasing that of PLL [44]
were proposed to improve VSC stability. In [46], the bandwidths of PLL and DVCL were
selected far from each other to minimize the interactions. [15] modi�ed the control loops by
adding two blocks to d-axis and q-axis control loops to shape the output impedance of the
converter and to stabilize the converter even in weak grids. Additionally, [23] proposed a
re-tuning of the controllers with a fast AVCL and a slow PLL for weak AC systems where
an individual tuning of the controllers did not result in satisfactory performance of VSCs.

The stability of a VSC in above-mentioned studies is achieved by simultaneous tun-
ing of the parameters of all control loops. Furthermore, most of the existing analytical
investigations into the control loop interactions are limited to the study of overall system
eigenvalues and the change in their locus with respect to the controller gains. Therefore, a
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method based on the tuning of the individual outer control loops (d- and q-axis controllers
as well as PLL), rather than the interconnected control system, is required to reduce the
control loop interactions that may destabilize the VSC especially in case of weak AC sys-
tems. Besides, the impact of interactions on the set-point tracking capability of control
loops as well as quantitative assessment of the level of interactions among the control loops
are not explored in the literature.

2.3 External Control Loop Interactions

The are two main types of external control loop interactions depending on the connection
of converters on the AC or DC side of the grid. These interactions are discussed in this
section.

2.3.1 DC side control loop interactions

The trend toward an increased number of converters in multi-terminal direct current(MTDC)
systems has turned AC-MTDC system stability into a compelling topic that has been stud-
ied in several papers [25,30,34,40,52,53,59,87,89]. As shown in [25], in an MTDC system,
there might exist several interactive system modes that are associated with more than
one converter and with DC transmission lines. These interactive modes are di�erent from
the local modes that originate from one single converter or only the DC system. These
interactive modes stem from the dynamic interactions among the converter stations and
the DC system components that are not considered in the control design of individual con-
verters [25, 30]. Due to these interactive modes, the connection of converters to a shared
DC system may result in poorly-damped or unstable modes as the eigenvalue locus of
the interconnected AC-MTDC system may di�er from that of the individual converters'
models for which the controllers are designed [52].

Three approaches have been proposed in the literature to address the undesired impact
of interactive system modes on the AC-MTDC system performance. The �rst approach is
to modify the control system of the converters based on the interconnected system modes,
as suggested in [25]. This process requires the entire AC-MTDC system model and might be
iterative, costly, and time-consuming, speci�cally if the number of converters and thus the
number of state and controlled variables is large. The second approach to prevent poorly
damped or oscillatory interactive system modes is to employ supplementary controllers for
each converter station, obtained through an impedance matching process by solving an
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optimization problem [14,16]. The drawbacks of such an approach are associated with the
selection of appropriate weighting functions and the cost of adding an additional controller
to each converter. Simultaneous design of the controllers for all the converter stations,
considering the entire AC-MTDC system dynamics, is the third approach that is used
in [24] to mitigate the poorly damped modes and stabilize the system through solving an
optimization problem. However, as the size of an MTDC system increases, achieving a
simultaneous control design for all the converter stations may be challenging.

Given the drawbacks of the aforementioned approaches, another approach to prevent
interconnected AC-MTDC system instability is to involve the interactive modes in the
individual design of converter controllers. To do so, suitable system models, which do
not rely on the full dynamic model of the AC-MTDC system, but include the interactive
system modes, are required for converters' controller design. However, most of the system
models employed in stability and interaction analyses of AC-MTDC systems are the current
source based models, where the adjacent converters are modeled as current sources and
the dynamics of the DC system are not considered [16, 25, 30, 34, 40, 52, 60, 71, 73, 83, 84].
Furthermore, in some studies, the components included in the model of each converter are
not clearly described, and it is not evident whether the couplings among the converters are
considered in the control design [36, 54, 57, 59, 89]. In the interconnected AC-DC system
model in [25,29,39], the converters are modeled by their equivalent droop or current source
model, but how the interactive modes can be incorporated into the model of individual
converters is not discussed. As a result, suitable individual system models are required
to enable designing converter controllers independent of those of the adjacent converters
connected to a shared DC system.

2.3.2 AC side control loop interactions

In large-scale power systems with high integration of renewable energy sources (RESs),
multiple VSCs may be connected to a shared PCC, causing the adjacent converters to
interact with one another through their PCCs and cause instability and an undesirable
transient response [45, 79]. Although the control loop interactions might happen among
the control loops of one single VSC [28, 44, 46, 47, 80, 88, 95, 97], the interactions among
the control loops of several converters will hinder the integration of large-scale RESs into
the AC grid. Various factors may impact the AC- side external control loop interactions,
which will be elaborated upon in the following subsections.
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Impact of control mode

A VSC usually includes three main control loops in the dq-frame: a d-axis control loop, a
q-axis control loop, and a PLL. Depending on the VSC's operating mode (control mode),
the d-axis control loop can regulate either the DC voltage or active power, and the q-
axis control loop may regulate the AC voltage or reactive power [86]. Although there are
several control loops in a VSC, the literature does not pay speci�c attention to the impact
of VSCs' control modes on the external control loop interactions [45,67{70,72,79,82].

Speci�c sets of control modes have been selected for external control loop interaction
studies in the existing literature. The DC voltage/AC voltage control mode is considered
in [45] for all VSCs, while the inner current loops are neglected. In [45], the interaction of
each VSC with the adjacent VSC is modeled by a transfer function, and Bode diagrams
are employed to study the impact of the AC system short circuit ratio (SCR) and changes
in the active power of adjacent VSCs on the interactions and consequently on system
stability. The interaction analysis in [79] is based on a comparison of the stability regions
of individual and interconnected VSCs, but only the DC voltage control loop is considered,
and the dynamics of the PLL and the q-axis outer control loop are ignored. [72] attempts
to identify the VSC control mode that results in maximum interactions between a VSC and
a STATCOM by using relative gain array (RGA) analysis. The studies provided in [72]
are not comprehensive as the impact of the d-axis control mode on interactions is not
considered, and the RGA analysis has only been used to study the interactions among
control loops under the steady-state condition and for a speci�c control mode. [16] utilizes
RGA to �nd the frequency at which the maximum interactions occur among converters
connected to a shared DC system. This frequency is later used to obtain weighting functions
for an H1 controller design. Interactions among PLLs of multiple VSCs sharing the same
PCC are studied in [67,68]. By considering VSCs as ideal current sources and neglecting
the d-axis and q-axis control loops, [67, 68] examine the impact of interactions between
PLLs on stability using the output impedance of VSCs. In [69, 70], interactions between
a grid-following and a grid-forming VSC are studied. A robust stability margin with
respect to system parametric uncertainties is de�ned in [70] using� analysis, and an
eigenvalue analysis is employed in [69] to illustrate the impact of connecting VSCs with
di�erent control philosophies to the same PCC on system stability. Neither the converters'
controller nor the control mode is the focus in [69,70]; thus, the outer control loops of the
grid-following VSC are not involved in the analysis.

The limitations associated with the existing interaction studies can be summarized as
follows: I) The impact of converters' control mode on the interactions is not explored, and
the studies are performed considering a speci�c set of control modes for each converter.

11



Although the control mode may not be a design choice for any legal or operational reasons,
the impact of control modes on the interactions is of high importance as it can facilitate the
design of converters' controllers to reduce the interactions and improve system stability.
II) The outer control loops and consequently, various control modes of converters are
neglected in several interaction studies. This is because the focus of such studies is on
identifying system parameters impacting the interactions. III) the existing studies about
the impact of controller design on external control loop interactions are limited to the
study of overall system eigenvalue locus as the controller gains change. The �ndings of
these studies cannot be applied to the individual controller design of converters such that
the interconnected system is stabilized as well. Making a connection between tuning the
controllers of individual and interconnected VSCs to stabilize the multi-VSC system is
missing from these studies.

Multi-vendor considerations

Another issue with the connection of converters to a shared AC system is the multi-vendor
realization of VSC-based hybrid AC-DC systems that has attracted considerable atten-
tion in recent years [32]. Recent studies, based on industrial replicas of converter control
and protection systems, have shown the feasibility of constructing HVDC systems with
multiple vendors [27]. The formation of hybrid AC-DC systems from converters built
by di�erent manufacturers may result in interoperability issues including control interac-
tions [64]. These control interactions may stem from the impact of independently designed
converter controllers, due to model con�dentiality, on one another and consequently on the
performance of the interconnected systems [16, 19, 79]. In the multi-vendor realization of
hybrid AC-DC systems, vendor-speci�c models are used in the design of individual con-
verter controllers. Typically, vendor-speci�c models are proprietary and con�dential, and
the vendors' know-how in converters' detailed model and control design is not shared with
other converter manufacturers. Therefore, integrating the independently designed VSCs
into an interconnected system of converters may result in system instability and undesir-
able dynamic response, whose root cause is the control interaction among the converters
and participation of various converters' state variables in particular eigenvalues [25].

Connecting multiple VSCs built by various vendors to a shared PCC results in various
control challenges due to the interactions among the converters, which may lead to the
interconnected converters' response deviating from the desired one. Although the indi-
vidual converters with independently designed controllers may be stable, their connection
to a PCC may cause system instability [79]. The level of converter interactions and the
severity of their impact on the system's dynamic behavior depend on various factors such
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as the AC system short circuit ratio [45,79], the active power set-point of converters [45],
the bandwidth of PLLs [67,68], and the controller gains [79].

The BestPaths project is the �rst systematic study using electromagnetic transients
(EMT) and real-time simulation tools to assess and resolve interoperability issues caused
by the multi-vendor realization of HVDC systems [3, 32, 64]. In theBestPaths project,
several HVDC test cases with various DC side topologies were considered to identify inter-
operability issues. In these studies, an interoperability issue is identi�ed if the performance
of the interconnected AC-DC system is deteriorated when multi-vendor converter models
are employed, but is improved when single-vendor converter models are utilized. In [32],
about 15% of the case studies reveal interoperability issues, where the root cause of a
number of them is the di�erence in the control implementation of the converters due to
con�dentiality requirements. So far, the proposed solutions to mitigate the interactions in
real-world projects have been based on an iterative process such as that in John sverdrup's
HVDC project. A list of information is agreed to be shared between the parties before
the start of the project. The design has been performed by Siemens and ABB, and an
interaction study is performed by a third party. At the end of interaction studies, certain
solutions are provided to the vendors to modify their designs [9].

Mitigating converter control interactions in multi-vendor AC-DC systems is a challenge
because the controllers that are independently designed based on the vendor-speci�c models
are employed in an interconnected AC-DC system. Reference [37] optimizes the converters'
droop settings to lessen the AC system dynamic variations caused by the outage of a VSC
connected to a shared DC system. However, neither the independently designed controllers
nor the impact of converters on one another during the system's normal operation is con-
sidered in the analysis. In recent years, only a few methods have been proposed to mitigate
the interactions among converters with independently designed controllers. A supplemen-
tary controller is proposed in [13,16], which is obtained by solving an impedance matching
problem, to address the multi-vendor realization of converters sharing a DC system, but
not an AC system.

Mitigating the interactions among converters connected to a PCC to properly integrate
VSCs with independently designed controllers into an interconnected multi-VSC system is
not addressed in the literature.

Impact of control philosophy

A VSC in an AC-DC power system can be controlled either to follow the AC grid speci�-
cations (grid-following) using a PLL or to replicate a voltage source (grid-forming). The
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GFL converters mostly are controlled through the cascaded inner-outer current loops and
as a result, resemble the behavior of a current source. The GFM converters, on the other
hand, are controlled to form the characteristics of a voltage source. Literature has studied
the issues associated with the GFL converters extensively: issues with connection to weak
AC grids [12, 23, 31, 63, 81, 94, 95], the interaction of various control loops [18, 44, 81, 92],
and inability to operate in the stand-alone mode [62] count as the main drawbacks of GFL
converters. On the other hand, GFM converters have shown improvement in system sta-
bility even under weak AC systems [50, 85, 90, 98], but are not mature enough to be used
in real-world applications [63] and still are under development. Several variants of GFM
control schemes have been proposed in the literature, including virtual synchronous genera-
tor [51,56], synchronverter [93], virtual synchronous generator [43], power synchronization
control (PSC) [90], and IP PLL-free control [62], to name but a few. A comprehensive
review on the available GFM control techniques can be found in [63].

To be able to use the capabilities of both GFM and GFL control schemes, connecting
converters with di�erent control philosophies seems a possible solution. Parallel connection
of converters with hybrid control philosophies have been considered in [70,85,98] . Using
small-signal stability analysis, it has been shown in [85,98] that connecting a grid-forming
converter to the AC grid is equivalent to increasing the grid strength. The optimal location
of GFM converters is also obtained through solving an optimization problem [85]. The
robust stability of the parallel connection of a GFL and a GFM converter is studied in [70],
where the GFL converter is modeled as an ideal current source without considering the
outer control loops. It is shown that the GFM converter increases the robust stability
margin of the two-VSC system. The interactions among a battery energy storage system
(BESS) operated under PSC scheme and the adjacent wind power plant (WPP) are studied
in [91]. The interaction analysis shows that the coupling between the voltage reference and
power is signi�cant. [98] proposes guidelines for designing controllers of the GFL and GFM
in a two-bus system.

Although the available studies show that connecting a GFM converter to the AC grid
improves system stability, an open question is whether a GFL converter can be replaced
by a GFM control scheme when several converters are connected to the same AC system.

2.4 Summary

This chapter presented a background review of the available control loop interaction studies
in VSC-HVDC systems. The studies were classi�ed based on the type of interaction analysis
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they performed, i.e., internal or external control loop interactions. The gaps in the existing
studies were highlighted, which will be addressed in the following chapters of this thesis.
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Chapter 3

Internal Control Loop Interactions 1

3.1 Introduction

This chapter studies how the interactions among various control loops in a single voltage-
sourced converter (VSC) a�ect the stability, transient response, and set-point tracking
capability of control loops. This chapter develops a method based on the tuning of the
individual outer control loops (direct (d)- and quadrature (q)-axis controllers as well as
phase-locked loop (PLL)), rather than the interconnected control system, to reduce the
control loop interactions that may destabilize the VSC, especially in case of weak AC
systems. The developed method does not modify the individual controllers' structure
and leverages the individual control design stage to determine a feasible range of control
parameters that stabilizes the interconnected control system of VSCs by reducing the
interactions among the control loops. Compared to control design methods based on
Nyquist plots and eigenvalue and modal analyses [44,46,88], in which the stability of VSC
is achieved by simultaneous tuning of the parameters of all control loops, the developed
method designs the individual controllers separately and provides the range of individual
control loop parameters, which results in the stability of the interconnected control system.
Furthermore, most of the existing analytical investigations into the control loop interactions
are limited to the study of overall system eigenvalues and the change in their locus with
respect to the controller gains. This chapter investigates the impact of interactions on
individual control loops in addition to the impact on overall system stability. Besides,
the impact of interactions on the set-point tracking capability of control loops as well as

1Ahmadloo, Fatemeh, and Pirooz Azad, Sahar. "Analysis of Internal Control Loop Interactions in
VSCs: An Individual Design Perspective." IEEE Transactions on Power Delivery 37.3 (2021): 1465-1475.
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quantitative assessment of the level of interactions among the control loops, which have
not been explored in the literature, are addressed in this chapter.

3.2 VSC Small-Signal Model

The schematic of a VSC with its control loops in the dq rotating reference frame is shown
in Fig. 3.1. The fundamental small-signal model of a VSC is provided in [83, 86]. In the
small-signal model presented in this section, the inner current control loops and several
possible combinations of outer control loops are considered. The resistive part of the AC
grid impedance is also considered in this model.

As indicated in Fig. 3.1, the VSC is controlled in a cascaded scheme, and the outer
control loops provide the set-points of the inner current control loops. Thus, the control
signals of the inner and outer control loops are respectively, given by

ux = ( K in;x
p + K in;x

I

Z
)

| {z }
K in;x (s)

(i �
x � i x ); x 2 f d; qg; (3.1)

i �
x = ( K o;x

p + K o;x
I

Z
)

| {z }
K o;x (s)

(y�
x � yx ); x 2 f d; qg; (3.2)

Figure 3.1: The schematic of a VSC with its control loops.
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where i d and i q are the dq-components of the current at the AC side, the superscript *
indicates the reference signal, andyd (yq) and ud (uq) are, respectively, the output and
control signal of the d-axis (q-axis) control loop. The outputs of DC voltage control loop
(DVCL) and active power control loop (APCL) are, respectively, the DC voltage (Vdc) and
the active power (P). The reactive power (Q) and the AC voltage (V) serve as the outputs
of reactive power control loop (RPCL) and AC voltage control loop (AVCL), respectively.
The feed-forward decoupling �lters are considered in the last step in Fig. 3.1 to remove
the cross-couplings between d-axis and q-axis inner current loops [86]. The gains of inner
current controllers are assumed to be constant [86], and the controllers of the outer control
loops are designed individually to ensure the stability and proper performance of the d-axis
and q-axis control loops. The outer control loops are designed to be slower than the inner
current loops for the proper operation of the cascaded control scheme [88].

The small-signal model of the VSC is obtained by linearizing all the nonlinear equations
associated with the active and reactive power at the PCC, the DC link voltage, the AC
voltage, and the voltage-current relationship at the VSC terminal around an operating
point [44,83,86]. The fundamental nonlinear equations are given in the following.

The dynamic model of the AC side of the converter in the dq frame is given by [83]

ed � Vd = L
di d

dt
+ Ri d � !Li q; (3.3)

eq � Vq = L
di q

dt
+ Ri q + !Li d; (3.4)

whereedq and Vdq are the terminal voltage of the converter and PCC voltage, respectively.
This dynamic model can be re-written using the terminal voltage of the converter and the
source voltage as

ed � Vscos�ps = L t
di d

dt
+ Rt i d � !L t i q; (3.5)

eq + Vssin� ps = L t
di q

dt
+ Rt i q + !L t i d; (3.6)

whereRs; L s and R; L are the resistance and inductance of AC gid and the �lter, respec-
tively, Rt = R + Rs, L t = L + L s, and � ps = � pll � � s, � pll is the angle provided by the PLL,
and � s is the source-voltage angle. Utilizing appropriate modulation signals [86], which
realize the decoupling of the inner current loops, as

ed = Vd + ud � !Li q; (3.7)

eq = Vq + uq + !Li d; (3.8)
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where! is the angular frequency, the d- and q-components of the voltage at the PCC can
be described using the algebraic equations of

Vd =
L s

L t
ed +

LR s � L sR
L t

i d +
L
L t

Vscos�ps; (3.9)

Vq =
L s

L t
eq +

LR s � L sR
L t

i q �
L
L t

Vssin� ps: (3.10)

Having the d- and q-components of the voltage and current, the active and reactive
powers at the PCC can be computed as

P = Vdi d + Vqi q; (3.11)

Q = Vqi d � Vdi q: (3.12)

Also, the magnitude of the PCC voltage is given by

V =
q

V 2
d + V 2

q : (3.13)

The dynamics of the DC link voltage are described by

Cdc
dVDC

dt
= i dc �

Pin

VDC
; (3.14)

whereCdc is the DC link capacitance, andPin is the active power from the DC side.

In the rest of this chapter, ~x refers to the deviation of variablex from its operating
point x0, i.e., ~x = x � x0.

Fig. 3.2 presents the small-signal block diagrams of PLL, d-axis control loops (DVCL
and APCL), and q-axis control loops (RPCL and AVCL). Table 3.1 presents the control
loops coe�cients based on the converter's control mode. In Fig. 3.2, all the inputs that
are associated with the other control loops are identi�ed as external inputs. For example,
~� ps and ~uq correspond to PLL and the q-axis control loop and are identi�ed as the external
inputs to the d-axis control loop. Similarly, ~� ps and ~ud, which correspond to PLL and the
d-axis control loop, appear as external inputs to the q-axis control loop. Likewise, ~ud and
~uq are the external inputs to PLL. The control loops are not combined to allow for the study
of the impact of interactions on the individual control loops. Throughout this chapter, the
term \individual control loops" refers to each of d-axis control loop, q-axis control loop,
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Table 3.1: The coe�cients of d-axis and q-axis control loops.

Coe�cients
Control Mode

DVCL APCL
a0 -1 1
a1 Vs(cos�ps0

i q0 + sin� ps0
i d0 )

a2 1 0
a21 � !L si d0 + LR s � L s R

L i q0

a22
L s
L i q0

a3 Cdcs � P0
V 2

dc 0

1

a4 Vdc0 1
a5 !L si q0 + Vd0 + LR s � L s R

L i d0

a6
L s
L i d0

Coe�cients
Control Mode

RPCL AVCL
a7 Vs(sin� ps0

i q0 � cos�ps0
i d0 ) -Vssin� ps0

a81 !L si d0 � LR s � L s R
L i q0

LR s � L s R
L

a82 � L s
L i q0

L s
L

a9 !L si q0 � Vd0 + LR s � L s R
L i d0 � !L s

a10
L s
L i d0 0

and PLL enclosed by solid boxes in Fig. 3.2 with no connection to one another. The overall
block diagram of Fig. 3.2 is referred to as the "interconnected control system".

As shown in Fig. 3.2, the control loops in a VSC are not inherently decoupled, and

Figure 3.2: The small-signal model of all the control loops in a VSC.
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the level of coupling among them depends on the operating point and the AC system low
short circuit ratios (SCR). A lower SCR results in a stronger coupling between the d-axis
and q-axis control loops asa21; a22; a81, and a82, which are the coupling coe�cients of the
d-axis and q-axis control loops, are directly proportional to the AC system impedance.
Furthermore, a lower SCR results in a larger!L s that is the coupling coe�cient relating
the d-axis control loop to PLL.

It should be noted that in the rest of the analysis, no perturbation from the DC side,
represented by~i dc in Fig. 3.2, is considered as the aim is to study the interactions among
the control loops of a single converter.

3.3 Analysis of Control Loop Interactions

This section, �rst, investigates the impact of control loop interactions on the stability re-
gions of the d-axis and q-axis control loops. Second, using a novel formulation and utilizing
the small-gain theorem, a subset of individually-tuned controller gains, which stabilize the
interconnected control loop of VSC, is presented. Third, the impact of interactions on
the transient response of the d-axis and q-axis control loops is investigated. Fourth, the
interaction level between control loops is determined based on the in�nity norm of speci�c
transfer functions. Finally, the impact of interactions on the set-point tracking capability
of the control loops is studied.

3.3.1 Impact of interactions on system stability

Fig. 3.3a shows a simple schematic of VSC for stability analysis, which is obtained by
substituting each control loop of Fig. 3.2 with two transfer functionsGyx from the external
inputs (generated by loopx) to the control signals of loopy. The set-points are eliminated
as the aim of this section is to examine stability. To ensure the VSC stability, all the
individual control loops and the interconnected control system of Fig. 3.3 must be stable.
As a result, the stability region of the interconnected control system may be smaller than
those of the individual control loops.

Fig. 3.3b shows the signal 
ow graph [58] of the system in Fig. 3.3a. Using Fig.
3.3b, the characteristic polynomial of the interconnected control system is given by the
numerator of

P(s) = 1 � [GdqGqd + G�q Gq� + Gd� G�d ] � [Gd� G�q Gqd + GdqGq� G�d ]: (3.15)
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(a) (b)

Figure 3.3: (a) The schematic of the interconnected control loops of the VSC for stability analysis
and (b) its signal 
ow graph.

To determine the stability region of the interconnected control system, the bounded-
input, bounded output stability theorem is applied to characteristic polynomial of the
interconnected control system. Thus, all the zeros ofP(s) must reside in the open left-half
plane (LHP) to ensure the stability of the interconnected control system.

As the gains of three control loops must be considered to obtain the stability region
of the interconnected system based on (3.15), the range of controller gains that result
in the stability of the interconnected control system cannot be identi�ed independent of
each other, and it is not possible to obtain a simple and closed-form representation of the
stability region of the interconnected system in terms of the individual stabilizing controller
gains. To overcome this problem, the transfer function of (3.15) is re-arranged as

P(s) = (1 � G�q Gq� ) �
Ndq

Dd

h
(Gqd + Gq� G�d )

+
Nd�

Ndq
(G�d + G�q Gqd)

i
= (1 � G�q Gq� )�

(1 �
Ndq

Dd| {z }
Gdq

(Gqd + Gq� G�d ) + Nd�
Ndq

(G�d + G�q Gqd)

1 � G�q Gq�| {z }
4 (s)

;

(3.16)

where Gdq = Ndq

D d
and Gd� = Nd�

D d
are irreducible transfer functions with an identical

denominator Dd as they are associated with the same control loop. Using (3.16), the
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stability region of the interconnected control system of the VSC is determined by solving
for the zeros of

�P(s) = 1 � 4 (s)Gdq; (3.17)

(3.17) is a new formulation of VSC stability, in which4 (s) only depends on the transfer
functions associated with the q-axis control loop (Gqd and Gq� ) and PLL (G�d and G�q ) as
Nd�
Ndq

=- a1 (Ls + R)
a21 +( Ls + R)a22

, and a1, a21, and a22 are related to the system operating point and are
independent of the control gains. Thus,4 (s) is considered as a multiplicative uncertainty
applied to the stable transfer functionM (s) = Gdq(s), Fig. 3.4. The small-gain theorem
is used next to determine the range of controller gains that ensures the stability ofM -4
connection of Fig. 3.4.

Figure 3.4: The closed-loop block diagram associated with (3.17).

Based on the small-gain theorem [96], for theM -4 feedback connection of Fig. 3.4,
with M 2 RH 1 and 
 > 0, the interconnected system is stable for all4 2 RH 1 with

jj4 (s)jj 1 < 
 � 1 if and only if jjM (s)jj 1 < 
; (3.18)

where RH 1 is the set of all proper and real rationalstable transfer functions, and the
in�nity norm of 4 (s) is given by jj4 (s)jj 1 = max

w
4 (jw ) [33].

Considering that the d-axis control loop is individually stabilized,M (s) 2 RH 1 . The
stability of 4 (s) depends on the stability of the interconnection of PLL and the q-axis con-
trol loop. With stable M (s) and 4 (s), the stability of the interconnected system depends
on the upper-bound ofH1 norms. The interconnected system stability is guaranteed for
jj4 (s)jj 1 < 
 � and jjM (s)jj 1 < 
 M if 
 M < 
 � 1

� . 
 M is adjusted by the d-axis controller
gains, and 
 � depends on the controller gains of the q-axis control loop and PLL. It should
be noted that (3.18) is not applicable in caseG�q = 1 and Gq� = 1 as this would result in
the instability of � and (3.18) requires stable M and � before the interconnection."

To obtain 
 � and 
 M :
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1. Find the stabilizing range of controller gains for individual d-axis loop, q-axis loop,
and PLL.

2. Using the stabilizing range of controller gains, generate a 2-dimensional grid of con-
troller gains associated with the d-axis loop and a 4-dimensional grid of controller
gains associated with the q-axis loop and PLL. Then,jjM (s)jj 1 is calculated for all
the points in the 2-dimensional grid andjj �( s)jj 1 is calculated for each point in the
4-dimensional grid. 
 M and 
 � are the largestH1 norms associated with each grid.

3. According to 
 M and 
 � and (3.18), determine the range of the controller gains
associated with the d-axis loop, q-axis loop, and PLL such that
 M < 
 � 1

� .

Any controller gain within these ranges stabilizes the interconnected control system of the
VSC. Thus, the interactions among the control loops, which are not initially considered in
the individual controllers' design, will not destabilize the interconnected control system of
the VSC.

3.3.2 Impact of interactions on the VSC transient response

In an interconnected control system, the transient response of the individually designed
control loops might be a�ected by interactions among the control loops. Considering the
interconnection of the control loops, the external inputs behave as disturbances in the d-
axis and q-axis control loops and may disrupt their transient response. Fig. 3.5 is obtained
from Fig. 3.2 and shows how the output of each individual control loop is a�ected by the
external inputs (disturbances) and its set-point. The corresponding transfer functions of
Fig. 3.5 are given in the Appendix.

To measure the most severe impact of interactions on the VSC transient response, the
following indices based on the in�nity norm of the transfer functions from the external
inputs to the output of the d-axis and q-axis control loops are de�ned.

In dq = jjG~yd ;~uq (s)jj 1 ; In d� = jjG~yd ;~� ps
(s)jj 1 ;

In qd = jjG~yq ;~ud (s)jj 1 ; In q� = jjG~yq ;~� ps
(s)jj 1 : (3.19)

In dq and In d� , respectively, correspond to the maximum impact of the q-axis control
loop and PLL on the d-axis control loop output. Similarly,In qd and In q� are, respectively,
associated with the maximum impact of the d-axis control loop and PLL on the q-axis con-
trol loop output. The smaller the indices in (3.19) are, the lower the impact of interactions

24



Figure 3.5: A simple schematic of the VSC control system for transient response and set-point
tracking analysis.

on the transient response of each control loop is. In particular, near-zero indices correspond
to similar transient responses of the corresponding individual and interconnected control
loops.

3.3.3 Impact of interactions on the VSC set-point tracking

To evaluate the impact of interactions on the set-point tracking capability of each control
loop, the closed-loop transfer functions from the set-points of the d-axis and q-axis control
loops (~y�

d and ~y�
q) to their outputs (~yq and ~yd) are derived. Using the block diagrams of

Fig. 3.5,
~yd = G~yd ;~y �

d
~y�

d + G~yd ;~� ps
~� ps + G~yd ;~uq ~uq; (3.20)

~yq = G~yq ;~y �
q
~y�

q + G~yq ;~� ps
~� ps + G~yq ;~ud ~ud: (3.21)

Using Fig. 3.3, ~� ps = G�d ~ud + G�q ~uq; and substituting ~� ps into (3.20)-(3.21) results in
"

~yd

~yq

#

| {z }
Y

=

"
G~yd ;~� ps

G�d G~yd ;~� ps
G�q + G~yd ;~uq

G~yq ;~� ps
G�d + G~yq ;~ud G~yq ;~� ps

G�q

#

| {z }
Gyu (s)

"
~ud

~uq

#

+

"
G~yd ;~y �

d
0

0 G~yq ;~y �
q

#

| {z }
G� (s)

"
~y�

d

~y�
q

#

| {z }
Y �

: (3.22)

Considering (3.1)-(3.1),
"

~ud

~uq

#

=

"
K d(s) 0

0 K q(s)

#

| {z }
K (s)

"
~y�

d � ~yd

~y�
q � ~yq

#

; (3.23)
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where

K x (s) =
(K in;x

p + K in;x
I
s )(K o;x

p + K o;x
I
s )

1 + ( K in;x
p + K in;x

I
s )( 1

Ls + R )
x 2 f d; qg: (3.24)

Substituting ~ud and ~uq from (3.23) into (3.22) results in

Y = Gyu(s)K (s)(Y � � Y) + G� (s)Y � ; (3.25)

Y = ( I + Gyu(s)K (s)) � 1[Gyu(s)K (s) + G� (s)]
| {z }

Gcl (s)

Y � : (3.26)

SinceK (s) has a pole at the origin, andGyu(s) has no zero at the origin,Gcl(0) = I 2� 2;
where I is the identity matrix. Therefore, the DC gain of the transfer function matrix
from the set-points to the control outputs is equal to the identity matrix irrespective of the
controller gains and the converter control mode. Therefore, in a stable VSC, the steady-
state response of the d-axis and q-axis control loops only depends on the set-point of the
individual control loops. In other words, the interactions among the control loops do not
impact the set-point tracking of the d-axis and q-axis control loops.

3.4 Simulation Results

The model of a point-to-point VSC-HVDC is built in SIMULINK. The rated parameters
of the system are:P = 100 MW, Vdc = 400 KV, Vs = 230 kV, Cdc = 300 � F, Rdc = 14 
,
Ldc=1:1936 H, andL=0:0725 H. The converter model used in the test system can be found
in [4]. It should be noted that all controller gains presented in this section are in per-unit.
Since the control loop interactions in one single VSC are studied, the converter at the other
end of the HVDC link behaves as a constant load to the converter understudy.

3.4.1 Model validation

To validate the small-signal model of the VSC used in this chapter, the nonlinear model
of the VSC and the small-signal model of the system shown in Fig. 3.2 are compared
against each other. The nonlinear electromagnetic transient (EMT) model, as well as the
nonlinear averaged and small-signal models of the VSC, are built in PSCAD/EMTDC
and SIMULINK software environments, respectively. Figs. 3.6-3.7 shows the time-domain
responses of the model to a 10% change in the DC voltage set-point. he required transfer
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Figure 3.6: Time domain responses for model validation.

functions are given in the following. It is worth mentioning that the harmonic content
in EMT waveforms in Figs. 3.6-3.7 has a frequency of about 310 Hz, which is the �fth
harmonic.

M (s) = Gdq =
[a21 + ( Ls + R)a22]K o;d(s)K in;d (s)

a3a4[(Ls + R) + K in;d (s)] + [ a6(Ls + R) + a5]K o;d(s)K in;d (s)
;

Gd� =
� a1(Ls + R)K o;d(s)K in;d (s)

a3a4[(Ls + R) + K in;d (s)] + [ a6(Ls + R) + a5]K o;d(s)K in;d (s)
;

G~yd ;~uq (s) =
� [a21 + ( Ls + R)a22]

a3a4[(Ls + R) + K in;d (s)] + [ a6(Ls + R) + a5]K o;d(s)K in;d (s)
;

G~yd ;~� ps
(s) =

a1(Ls + R)
a3a4[(Ls + R) + K in;d (s)] + [ a6(Ls + R) + a5]K o;d(s)K in;d (s)

;
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G~yd ;~y �
d
(s) =

� a0a6(Ls + R)K o;d(s)K in;d (s)
a3a4[(Ls + R) + K in;d (s)] + [ a6(Ls + R) + a5]K o;d(s)K in;d (s)

;

G~yq ;~ud (s) =
[a81 + ( Ls + R)a82]

(Ls + R) + K in;q (s) + ( a10(Ls + R) + a9)K o;q(s)K in;q (s)
;

G~yq ;~� ps
(s) =

a7(Ls + R)
(Ls + R) + K in;q (s) + ( a10(Ls + R) + a9)K o;q(s)K in;q (s)

;

Figure 3.7: Time domain responses for model validation.
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G~yq ;~y �
q
(s) =

a10(Ls + R)K o;q(s)K in;q (s)
(Ls + R) + K in;q (s) + ( a10(Ls + R) + a9)K o;q(s)K in;q (s)

;

Gq� =
� a7(Ls + R)K o;q(s)K in;q (s)

(Ls + R) + K in;q (s) + ( a10(Ls + R) + a9)K o;q(s)K in;q (s)
;

Gqd =
� [a81 + ( Ls + R)a82]K o;q(s)K in;q (s)

(Ls + R) + K in;q (s) + ( a10(Ls + R) + a9)K o;q(s)K in;q (s)
;

G�d =
!L s

Ls + R
K pll (s)

s + K pll (s)Vscos�ps0

;

G�q =
Rs

Ls + R
K pll (s)

s + K pll (s)Vscos�ps0

:

3.4.2 Impact of interactions on system stability

To study the impact of interactions on the VSC stability, the stability regions of the
individual control loops are compared against those of the interconnected control system.
In Figs. 3.8-3.12, the stability regions of individual and interconnected control loops are
represented by the red and blue dots, respectively.

The stability region of the interconnected control system is derived by determining the
controller gains that result in the zeros of (3.15) to be in the open LHP. To achieve this,
the stabilizing controller gains of the d-axis (q-axis) control loop are determined while the
controller gains of PLL and the q-axis (d-axis) control loop are set at constant values.
The constant values of the controller gains are solely selected to demonstrate the impact
of interactions on the stability region of control loops, and the stability regions need to
be re-plotted for another set of constant controller gains. The selected constant controller
gains areK pll

p = 10, K pll
I = 580, K o;d

p =2:5, K o;d
I =170, K o;q

p (AVCL)= � 9, K o;q
I (AVCL)= � 50,

K o;q
p (RPCL)= � 0:1, andK o;q

I (RPCL)= � 30. Except for RPCL proportional gain, the same
constant controller gains are selected under di�erent SCRs to better demonstrate the im-
pact of SCR on the VSC stability. It should be noted that the presented stability regions
shaded in blue do not show the complete stability region of the interconnected control
system, because they are obtained by �xing two other sets of control parameters. That is
the reason some of the stability regions are not in the form of a convex region.

Fig. 3.8 shows the stability regions of the individual and interconnected control system
for a strong AC grid with SCR=5 under various control modes. Figs. 3.8a and 3.8c,
respectively, show the stability regions of the d-axis and the q-axis control loops for the
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DC voltage and reactive power control modes. Figs. 3.8b and 3.8d are associated with
the stability regions of DVCL and AVCL. Based on Fig. 3.8, the stability regions of the
individual and interconnected control loops in a strong AC grid are identical. Fig. 3.9 is
the counterpart of Fig. 3.8 for a weak AC grid with SCR=1.5. Fig. 3.9 shows a signi�cant
shrinkage in the stability region of the interconnected control loop for a low SCR. Fig. 3.10
is plotted for the same operating point and controller gains as those of Fig. 3.9, but with
K pll

p = 40, resulting in an acceptable transient response of PLL. Comparing Figs. 3.9 and
3.10 signi�es the strong impact of PLL on the stability of VSCs connected to weak AC
systems.

The stability region of the d-axis and the q-axis control loops under active power control
mode for SCR=5 and SCR=1.5 are depicted in Figs. 3.11 and 3.12, respectively. In Figs.
3.11a and 3.12a,K o;q

p = � 0:32 and K o;q
p = � 0:14, respectively, which correspond to the

boundary of the stability region of the individual q-axis control loop (RPCL) in Figs. 3.8c
and 3.9c. The rest of the constant controller gains are the same as those discussed for Figs.
3.8 and 3.9. The comparison of Fig. 3.8 against Fig. 3.9 and Fig. 3.11 against Fig. 3.12

(a) (b)

(c) (d)

Figure 3.8: The stability region of the d-axis and the q-axis control loops for SCR=5 under
(a), (c): the DC voltage/reactive power control mode and (b), (d): the DC voltage/AC voltage
control mode.
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(a) (b)

(c) (d)

Figure 3.9: The stability region of the d-axis and the q-axis control loops for SCR=1.5 under
(a), (c): the DC voltage/reactive power control mode and (b), (d): the DC voltage/AC voltage
control mode.

shows a large shrinkage in the stability regions of the interconnected control loops under
low SCRs. At high SCRs, the stability regions of the interconnected control loops are not
a�ected by the interactions.

Although the stability of the VSC interconnected control system can be evaluated
using (3.15), it will result in a stability region depending on six controller gains. Such a
stability criterion is hard to be evaluated and be used for the design of the interconnected
control system. Therefore, (3.18) is used to determine a subset of the stability region
that guarantees the stability of the VSC and depends on a lower number of controller
gains. To �nd this subset, the upper-bound ofjj4 (s)jj 1 , 
 � , should be determined. Table
3.2 provides
 � corresponding to a selected subset of the complete stability region of the
individual PLL and the q-axis control loop as based on (3.17),4 (s) depends on those
controller gains. Since the lower SCRs result in shrinkage in the stability regions of the
control loops, Figs. 3.8-3.10, smaller subsets of the individual stability regions need to be
selected for low SCRs. A wider range of controller gains in Table 3.2 may increase
 � ,
which will later decrease the stabilizing range of d-axis controller gains.
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After �nding 
 � , the upper-bound ofjjM (s)jj 1 , denoted by
 M , is determined. Since
M (s) only depends on the controller gainsK o;d

p and K o;d
I , 
 M is calculated for the range of

K o;d
p;min < K o;d

p < 1 and 0< K o;d
I < 1 . Fig. 3.13 shows
 M against K o;d

p;min for two SCRs.

(a) (b)

(c) (d)

Figure 3.10: The stability region of the d-axis and the q-axis control loops for SCR=1.5 and
K pll

p = 40 under (a), (c): the DC voltage/reactive power control mode and (b), (d): the DC
voltage/AC voltage control mode.

Table 3.2: The upper-bound ofjj4 (s)jj1 .

SCR
Case
No.

Controller Gains

 �q-axis control loop PLL

5
1 RPCL

� 0:32 � K o;q
p < 0

�1 < K o;q
I < 0 10 � K pll

p < 600
100� K pll

I < 1500

0.8344

2 AVCL
K o;q

p = 0
�1 < K o;q

I < 0
0.8179

1.5
3 RPCL

� 0:12 � K o;q
p < 0

� 100� K o;q
I < 0

1.5668

4 AVCL
K o;q

p = 0
� 700< K o;q

I < 0
1.6250

32




	List of Tables
	List of Figures
	List of Abbreviations
	Introduction
	Motivation
	Statement of the Problem and Objectives
	Methodology
	Thesis Outline

	Literature Review
	Introduction
	Internal Control Loop Interactions
	External Control Loop Interactions
	DC side control loop interactions
	AC side control loop interactions 

	Summary

	Internal Control Loop Interactions
	Introduction
	VSC Small-Signal Model
	Analysis of Control Loop Interactions
	Impact of interactions on system stability
	Impact of interactions on the VSC transient response
	Impact of interactions on the VSC set-point tracking

	Simulation Results
	Model validation
	Impact of interactions on system stability
	Impact of interactions on the transient response and the set-point tracking capability of the VSC

	Conclusion

	DC Side External Control Loop Interactions
	Introduction
	Interconnected AC-MTDC System Dynamics 
	INDSYS Models for Converters in Master-Slave Control Mode
	Operation in DVCM
	Operation in APCM

	INDSYS Model of Converters in Droop Control Mode
	Validation of the INDSYS Models
	Comparative Study of INDSYS Models for the Master-Slave Mode of Operation
	Eigenvalue analysis
	Participation factor analysis
	Sensitivity analysis

	Comparison of INDSYS Models for Converters in Droop Control Mode of Operation
	Conclusion

	AC Side External Control Loop Interactions
	Introduction
	Modeling of VSCs Connected to a Shared PCC
	Interaction Analysis
	Interaction impact on system small-signal stability
	Method of analysis

	VSCs Control Design for Interaction Mitigation 
	Case Study
	Impact of converters' control modes on interactions
	Impact of converters' joint control design on interactions 
	Joint design of stabilizing controllers

	Conclusion

	Mitigating AC Side External Control Loop Interactions in Multi-Vendor Multi-VSC Systems: Converters' Designers Viewpoint
	Introduction
	Modeling of VSCs Connected to a Shared PCC
	Robust H Controller Design
	Conventional H controller design
	Proposed H controller

	Simulation Results
	Conclusion

	Mitigating AC Side External Control Loop Interactions in Multi-Vendor Multi-VSC Systems: Grid Integrator Viewpoint
	Introduction
	System Model Requirements
	Averaged-Model of VSCs Connected to a Shared PCC
	Interconnected Multi-VSC System Model
	Vendor-Specific Models
	Required Information to Integrate the Converters into an Interconnected System

	Stability and Performance of Multi-VSC Systems with Independently Designed Controllers
	Illustrative Examples
	Dynamic Response of an Interconnected Multi-VSC System with Independently Designed Converter Controllers

	Interaction Filters for Integrating the VSCs with Independently Designed Controllers into a Multi-VSC System
	Robust Stability Margin of an Interconnected Multi-VSC System with Interaction Filters
	Case Studies
	 Case 1: Impact of IFs on the interconnected system stability 
	 Case 2: Impact of IFs on the interconnected system dynamic response 
	 Case 3: Impact of the IFs on the interconnected system's robust stability 

	Conclusion

	AC Side External Control Loop Interactions in Parallel Converters with Grid-Forming Control Philosophy
	Introduction
	Multi-VSC System Dynamics
	System model
	Control system
	State-space representation of 2-VSC system
	Model validation

	Analysis of Control Loop Interactions in Parallel Grid-Forming and Grid-Following Converters
	Interaction analysis
	Offline time-domain simulations

	Stability of Parallel Grid-Forming Converters
	Stability analysis

	Results of Real-Time Simulation and HIL Tests
	Experimental setup

	Conclusion

	Conclusions and Future Work
	Summary
	Contributions
	Future Work

	References

