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Due to the increasing share of renewable energy sources in modern power
systems and electricity market deregulation, heavy inter-regional and cross-border
power flows are becoming a commonplace in system operation. Moreover, large-
scale integration of renewable energy sources is expected to pace up, therefore new
solutions have to be developed to integrate these intermittent sources, which are also
characterized by being distributed over large geographical areas, such as offshore
wind farms. Multi-Terminal High Voltage Direct Current (MTDC) networks are
expected to form a solution for the integration of renewable energy sources to the
existing interconnected AC grid. The type of converters used in the MTDC networks
is however a subject of debate, as both Line Commutated Converters (LCCs) and
Voltage Source Converters (VSCs) can be used. Moreover, the coordinated control of
the MTDC networks with the AC system poses a challenge to the system operators,
as it requires the consideration of both AC and DC system dynamics.

In response to these challenges, this thesis aims to discuss the following aspects
of the MTDC networks: control of a hybrid MTDC with both LCCs and VSCs, as
well as the utilization of an embedded VSC-MTDC for stability enhancement. The
thesis also investigates the supply of passive AC systems using a hybrid MTDC
networks.

In the investigation of an AC/DC power system with a hybrid MTDC network,
first, the combined AC/DC system is modeled. Next, a Small Signal Stability
Analysis (SSSA) of the system is conducted, based on which the Power Oscillation
Damping (POD) controllers were designed to enhance stability in the connected AC
systems.

In the utilization of an embedded VSC-MTDC network for stability enhance-
ment in the AC/DC system, the operating point adjustment strategy is investigated,
which is implemented through the adjustment of setpoints for the active and reactive
power controllers in the network converters. Finally, the design and placement of
a Multi-Input Single Output (MISO) controller is investigated, where the control
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strategy is based on Modal Linear Quadratic Gaussian (MLQG) control using Wide
Area Measurement Systems (WAMS) signals.
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Pa grund av den 6kande andelen fornybara energikillor i moderna energisystem
och avreglering av elmarknaden blir stora interregionala och grinsAfverskridande
stromfloden ett vanligt systemarbete. Dessutom forvintas storskalig integrering av
fornybara energikillor 6ka, varfor nya 16sningar maste utvecklas for att integrera
dessa intermittenta kéllor, vilka ocksa kinnetecknas av att de distribueras over
stora geografiska omraden, till exempel vindkraftparker. Multi-Terminal High
Voltage Direct Current (MTDC) -nitverk forvintas bilda en 16sning for integration
av fornybara energikéllor till det nuvarande sammankopplade nitnétet. Den typ av
omvandlare som anvinds i MTDC-niten dr emellertid foremal for debatt, eftersom
bade Line Commutated Converters (LCCs) och Voltage Source Converters (VSCs)
kan anvéndas. Dessutom innebér den samordnade kontrollen av MTDC-néten med
vixelsystemet en utmaning for systemoperatorerna, eftersom det krdvs att bade AC-
och DC-systemdynamik beaktas.

Som svar pa dessa utmaningar syftar denna avhandling att diskutera féljande
aspekter av MTDC-nitverken: kontroll av en hybrid MTDC med bade LCC och
VSC, samt utnyttjandet av en inbyggd VSC-MTDC fA{r stabilitetsforbittring.
Avhandlingen undersoker ocksa utbudet av passiva vixelsystem med hjélp av ett
hybrid MTDC-nitverk.

Vid utredningen av ett AC / DC-stromsystem med ett hybrid MTDC-nétverk,
forst, @r det kombinerade AC / DC-systemet modellerat. Direfter genomfA{rs
ett system med liten signalstabilitet (SSSA), baserat pa vilken POD-styrenheterna
(Power Oscillation Damping) utformades for att forbittra stabiliteten i de anslutna
vixelsystemen.

Vid anvindning av ett inbyggt VSC-MTDC-niitverk fA{[r stabilitetsforbittring i
AC / DC-systemet undersoks driftspunktsstrategin, vilken genomfors genom juster-
ing av borvirden fA]r de aktiva och reaktiva effektregulatorerna i nitverksomvand-
larna. Slutligen undersoks designen och placeringen av en MISO-regulator (Multi-
Input Single Output), dir kontrollstrategin dr baserad pa modellinjir kvadratisk
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gaussisk (MLQG) -kontroll med WAMS-signaler (Wide Area Measurement Sys-
tems).
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Vanwege het toenemende aandel van hernieuwbare energiebronnen in moderne
energiesystemen en deregulering van de elektriciteitsmarkt, worden zware interre-
gionale en grensoverschrijdende stroomstromen een geemenplaats in de werking
van het systeem. Bovendien zal naar verwachting de grootschalige integratie van
hernieuwbare energiebronnen op gang komen, daarom moeten er nieuwe oplossin-
gen worden ontwikkeld om deze intermitterende bronnen te integreren, die ook
worden gekenmerkt door de spreiding over grote geografische gebieden, zoals off-
shore windparken. Naar verwachting zullen Multi-Terminal High Voltage Direct
Current (MTDC)-netwerken een oplossing vormen voor de integratie van hernieuw-
bare energiebronnen in het gebruikt in de MTDC-netwerken is echter een onderwerp
van discussie, omdat zowel Line Commutated Converter (LCCs) en spanningsbron-
convertors (VSCs) kunnen worden gebruikt. Bovendien vormt de gecordineerde
besturing van de MTDC-netwerken met het AC systeem een uitdaging voor de sys-
teembeheerders, omdat det zowel de AC als DC systeemdynamiek in overweging
moet nemen.

In antwoord op deze uitdagingen beoogt dit proefschrift de volgende aspecten
van de MTDC-netwerken te bespreken: controle van een hybride MTDC met
zowel LCCs als VSCs, evenals het gebruik van een ingebedde VSC-MTDC voor
stabiliteitsverbetering. Het proefschrift onderzoekt ook de toevoer van passieve
AC-systemen met behulp van hybride MTDC-netwerken.

Bij het onderzoek van een AC/DC-voedingssysteem met een hybride MTDC-
netwerk, wordt eerst het gecombineerde AC / DC-systeem gemodelleerd. Vervol-
gens wordt een Small Signal Stability Analysis (SSSA) van het systeem uitgevoerd,
op basis waarvan de Power Oscillation Damping (POD)-controllers zijn ontworpen
om de stabiliteit in de aangesloten AC-systemen te verbeteren.

Bij het gebruik van een ingebed VSC-MTDC-netwerk voor stabiliteitsverbe-
tering in het AC/DC-systeem, wordt de werkpuntaanpassingsstrategie onderzocht,
die wordt geA mplementeerd door het aanpassen van setpoints voor de actieve en
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reactieve vermogensregelaars in de netwerkomzetters. Tenslotte wordt het ontwerp
en de plaatsing van een Multi-Input Single Output (MISO)-controller onderzocht,
waarbij de besturingsstrategie gebaseerd is op Modal Linear Quadratic Gaussian
(MLQG)-regeling met behulp van Wide Area Measurement Systems (WAMS)-

signalen.
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Chapter 1

Introduction

1.1 Background

Electric power systems have greatly evolved over more than a century. From the
earlier systems that consisted of small, isolated generators supplying specific loads,
the power grid was formed through the interconnection of multiple generators of
different power capacities. The interconnection of generating units and loads into a
unified grid was beneficial from both technical and economic points of view, as it
provided the flexibility of generating bulk amounts of electric power from different
sources, such as hydro and nuclear, and then transmitting this power over long
distances to the load centers. The variation of system voltage through transformers
allowed to use High Voltage (HV) and Extra High Voltage (EHV) levels in power
transmission, thereby reducing losses in the power delivered to the load centers.
This in turn allowed the electricity prices to get lower, as consumers were able to
buy low-cost power from utilities, the matter which fostered a rapid growth in the
spreading of electric power systems and their becoming a vital backbone of modern
society. As a result of population growth and consequently, a growth in electric
power demand and consumption, inter-regional and cross-border interconnections
took their place into modern power system due to economic considerations related
to electricity prices and cost-efficient operation of the system [1]- [3], [10, 11].

Despite obvious advantages to the economic operation and reliability of the sys-
tem, the interconnection of multiple power systems has brought multiple technical
challenges that face the system operators and can affect the stability of the power
system [19,20]. As different power systems are connected through AC tie lines with
heavy inter-area power flows, low-frequency inter-area power oscillations could be

1



2 CHAPTER 1. INTRODUCTION

generated into the interconnected system [16], [81]- [84]. The oscillations are due
to groups of generators in both areas oscillating against each other. In the absence
of sufficient damping, inter-area oscillations can cause a cascaded blackout into the
system, as a result of frequency deviations that trigger under-frequency protection
devices of the generators [16,79], leading up to cascaded loss of generation. As the
power industry moves towards more deregulation, inter-area incidents have become
a commonplace in system operation, therefore system operators moved towards
installing and utilizing supplementary damping controllers to enhance the stability
of the interconnected power system. Traditionally, inter-area oscillations have been
handled using Power System Stabilizers (PSSs) installed at generators, which are
designed to introduce an appropriate phase compensation to increase the damping
of a specific oscillatory mode [16,79,83]. PSSs typically receive a local input signal,
such as generator speed or power, and introduce the damping through a contribution
to the Automatic Voltage Regulator (AVR) control circuit. Nevertheless, PSSs’
damping performance is not satisfactory in dealing with large power systems with
multiple inter-area modes, as the ability of a local signal to capture the presence of
an inter-area mode is limited, and the controller structure allows a parameter tuning
based on one mode only, and hence it can adversely affect the damping of other well
damped modes in the system as well [74]- [76]. The advent in power semiconductor
devices, such as thyristor and Insulated Gate Bipolar Transistor (IGBT), made it
possible to use Flexible AC Transmission Systems (FACTS), which are power-
electronics based controllers for voltage and power control, which are capable of
effectively damping the inter-area modes [79, 85]. However due to their high cost,
the location of installing FACTS devices needs to be carefully considered [85].
Despite the flexibility offered by AC transmission in power systems, there has
been certain transmission scenarios that made it mandatory to utilize to DC trans-
mission, such as in case of interconnecting two asynchronous AC systems [7,11,65],
as well as in case of long-distance and subsea power transmission through cables, in
which cases the cost for AC interconnections becomes prohibitively high, in addition
to the technical challenges of reactive power compensation over the transmission
lines or cables [11,65]. Thus High Voltage Direct Current (HVDC) transmission
became the option of choice in the aforementioned transmission scenarios. The first
subsea HVDC link through cables was commissioned in 1954 between the island of
Gotland and the Swedish mainland [5], while the Sakuma back-to-back HVDC link
was used in 1965 to link the power systems in the east and west of Japan, due to
different nominal frequencies in both systems [65]. The early HVDC projects used
mercury-arc rectifiers as power devices [7,65], however with the advent of solid
state power devices, solid-state thryristors replaced mercury arc rectifiers. Despite
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its multiple advantages, such as low switching losses and high reliability, however
thyristor-based Line Commutated Converter (LCC)-based HVDC links suffered
from the following disadvantages [5]- [7], [11], [65]:

* There is a need for a strong AC grid to enable LCCs’ operation, as the
thyristors’ commutation is completely dependent on the connected AC grid.

* As a result of AC grid-dependent switching of converter switches, a high
amount of harmonics is generated in the AC line, therefore significant har-
monic filtering is required on the AC side of the converters.

* The operation of a Multi-Terminal HVDC (MTDC) network suffers from
an operational difficulty, as the reversal of power flow through a converter
requires the reconnection of its terminals and consequently, the reversal of
DC voltage polarity across the converter. Hence, LCC-based MTDC network
was operated with up to three-terminals only, as in the SACOI DC tie between
Italy, Corsica, and Sardinia, as well as the Quebec-New England DC tie
between the province of Quebec and the US state of New Hampshire.

With the advent of fully controlled semiconductor power devices, namely the
IGBT, Voltage Source Converter (VSC)-HVDC links found their way into appli-
cation, with the first VSC-HVDC link commissioned in 1997 [5]- [7]. The major
advantage of a VSC is that it behaves as a voltage source on the DC side, and
therefore the reversal of power flow through the converter does not require the
reconnection of converter terminals [9, 65]. As the VSC’s power devices are fully
controlled ones, the converter can be controlled to achieve an independent control
of active and reactive powers [9, 12], as well as to connect to weak or passive AC
networks [12]- [14]. Moreover, as the dominant harmonics resulting from the VSC
switching are of high frequencies that are close to the switcing frequency, the size
and rating of the required harmonic filters are significantly lower than those needed
for the LCC operation [9, 13,65]. Despite these advantages, VSC-HVDC links
are characterized by high switching losses as a result of high switching frequency
of the converters’ power devices [9, 12,65]. As a result of the VSC’s fixed DC
voltage polarity and its ability to independently control its active and reactive power
outputs, there has been a high interest in investigating the multi-terminal operation
of multiple VSCs. As the converter commutation in a VSC is independent of the
connected AC grid, a VSC-MTDC can be capable of interconnecting various seg-
ments of the power system of different strengths [9, 11]. Moreover, as the converters
in a VSC-MTDC network are capable of quickly adjusting their active and reactive
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power outputs, they are capable of contributing to the stability enhancement in the
connected AC grids, provided that appropriate control strategies are used towards
that goal [10]. In this vein, the power system stability can be loosely defined as the
ability to restore a system’s normal operation after being subjected to a disturbance.
The power system stability can be categorized as follows [16,22]:

* Rotor angle stability: which refers to the ability of an interconnected power
system to remain in synchronism after being subjected to a disturbance.
Instability that may result occurs in the form of increasing angular swings of
some generators leading to their loss of synchronism with other generators.
The rotor angle stability may be further categorized into the following [22]:

— Small-signal stability: which is concerned with the ability of the sys-
tem to maintain synchronism under small disturbances.

— Transient stability: which is concerned with the ability of the system
to maintain synchronism when subjected to a large disturbance, such as
a short circuit on a transmission line.

* Voltage stability: which refers to the ability of the system to maintain a
steady voltage after being subjected to a disturbance from a given initial
operating point. Instability that may result occurs in the form of a progressive
fall or rise of voltages of some buses.

* Frequency stability: refers to the ability of a power system to maintain
steady frequency following a severe system upset resulting in a significant
imbalance between generation and load. Instability that may result occurs
in the form of sustained frequency swings leading to tripping of generators
and/or loads.

This thesis is focused on the utilization of MTDC network controls for the purpose
of enhancing the rotor angle stability in the interconnected AC/DC power system.

1.2 Challenges in future power systems

Nowadays, the futuristic scenarios for european power systems bring a multitude of
challenges to system operators, primarily due to the increasing share of renewable
energy sources in the system, such as wind and solar power. As the distributed
energy sources are both scattered and intermittent, large-scale integration of these
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sources is bringing heavy long-distance power flows in power system operation [1]-
[3]. Given the current state of system operation that brings the transmission system
close to its stability limits, there is a growing need to implment grid expansion in a
way that strengthens the power system and maintains the stability and security of
supply [3,4,17]. In this vein, grid expansion shall consider a number of technical,
economic, and environmental aspects related to the new investments in the grid. In
recent times, grid expansion in the form of investments in new AC transmission
lines can be prohibitively costly and time-consuming. The technical constraints
typically relate to the difficulties encountered in case of very long transmission
distances, as the control of reactive power and voltages at the line ends becomes
problematic. The critical distance at which these problems are encountered is even
shorter for AC cables, as it becomes necessary to reduce the power flow through
the cable as a result of the capacitive charging current. The critical length refers
to the length at which the cable’s capacitive charging current becomes equal to
the its rated current. The critical length generally decreases as the transmission
voltage level increases, therefore limiting the use of HV and EHV cables for long
distances [9, 11, 13]. On the other hand, the economic constraints relate to the high
investment cost in AC grid expansion, particularly as the transmission distance
increases. The additional costs come as a result of the need to install reactive power
compensation devices to regulate the voltage over the lines [5]. Environmental and
social constraints also impede transmission expansion using overhead AC lines, as
the public is usually opposed to the construction of new lines due to the potential
health effects of the electromagnetic fields induced by the lines, as well as the visual
impact of the overhead lines from an urban planning point of view [17,19,20].

As the future power grid is anticipated to integrate a large number of renewable
energy sources, there is a growing need to boost the inter-regional transmission
capacity over existing tie lines, as well as to invest in new interconnections. The
investment in inter-regional power system interconnections aims to enable the
flow of power generated by various renewable enery resources that are sparsely
distributed across distant geographical areas [8, 10, 17]. For instance, the hydro
power in Scandinavia can be traded and balanced against the offshore wind power
in the north sea. On the other hand, the Photo Voltaic (PV)-generated power from
North Africa can be transmitted to southern Europe [19,20]. In order to obtain
such power flow corridors with heavy power flows over long distances, the AC
option seems less attractive and more challenging as compared to the DC option,
due to the aforementioned techno-economic constraints. Thus, power transmission
through HVDC networks is envisioned to play an increasingly important role in the
future power system in Europe, as well as worldwide [10]. The futuristic scenario
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envisions the establishment of an overlay MTDC network that is embedded within
the interconnected AC power systems, in such a way that facilitates the integration
of sparsely located distributed energy sources [10].

The new investment in an overlay grid that supports the current interconnected
European power system is referred to as a supergrid [10]. Although both AC and
DC options were considered for the new grid, the DC option proves more feasible
for multiple reasons, including [10, 38]:

o Lower losses for long distances, as the skin effect does not take place in case
of DC power transmission.

o Suitability for cable transmission, as the DC cables do not suffer from the
limitations caused by the flow of charging current. This gives an edge for the
DC option when considering the integration of remotely located renewable
energy sources, such as offshore wind farms.

o Capability of power control, as the MTDC converters are inherently capable
of controlling the amount of active power through the DC grid.

Nevertheless, multiple challenges are still to be met by the power system operators
before the futuristic vision of a DC supergrid can be achieved. The following are
some of the provisioned challenges that face the operation of a MTDC grid [10, 65]:

* DC voltage control: the DC voltage reflects the power balance in a MTDC
grid, which is analogous to frequency in the AC grid [10,45]. Therefre DC
voltage control is critical to the stability of the MTDC grid. The DC voltage
control strategies in MTDC networks can be classified into master-slave
control, droop control, and voltage margin control [45]. The DC voltage
control function should be secure and depdendable so as to avoid a collapse of
the MTDC network operation in case of losing the voltage controlling station.

* AC/DC control coordination: as the MTDC network controls interact with
the connected AC systems, there needs to be coordinated control strategy
of the combined AC/DC system to ensure the system’s stable and secure
operation [10,72].

» Lack of dependable DC circuit breaker: as the DC current does not have
a natural zero-crossing, the interruption of DC currents is more diffcult as
compared to AC currents. This has led to operational problems related to the
DC circuit breakers [86]. Although multiple manufacturers have produced
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prototypes of high-power circuit breakers, however utilities are still reluctant
to utilize DC circuit breakers as the technology is viewed as not mature yet.

» Converter types: both LCC and VSC have been considered for the MTDC
grid. However as the LCC requires the reconnection of its terminals for
te reversal of power flow, the VSC seems more attractive for the MTDC
operation. Nevertheless, a hybrid MTDC grid that combines both LCC
and VSC converters has been proposed in literature [10, 15]. In a hybrid
configuration, the LCC can be used for a single operating mode (i.e. either as
a rectifier, or as an inverter), while the VSC can vary its operating mode.

* MTDC grid protection: as a result of the DC dynamics being much faster than
AC dynamics, the protection system of a MTDC poses a technical challenge
to system operators. The DC fault detection and clearing have to be faster
than the AC faults, and hence the AC protection strategies are not readily
applicable [86].

1.3 Research motivation and objectives

As a result of an increasing share of renewable energy sources replacing conven-
tional generation, MTDC networks are a prospected solution for the integration
of these renewable sources, which are distributed over large geographical areas,
such as offshore wind farms, and solar power generation. Due to various technical
and economic factors, the integration of these sources using AC transmission is
both difficult and prohibitively costly, and hence the envisioned solution for the
renewables’ integration is through MTDC networks. The rationale behind adopt-
ing the MTDC network solution is that they are capable of spanning over long
distances and receiving the power from renewable sources, as well as delivering
this power to various connected AC grids [10, 86]. From the power system stability
point of view, the interest in MTDC networks emanates from the converters’ ability
to control the power flow in DC lines, as well as to quickly adjust their output
powers [6, 10, 16]. Unlike generators, the power electronic converters’ operation is
static and does not involve rotating masses, the control is rather implemented by the
variation of switching pulses delivered to the converter power devices, and therefore
the converter control is a fast one [16, 65]. Thus the converters are considered as
fast-acting elements that can impact the power system stability. The interest in
investigating appropriate control strategies for MTDC networks emanates from the
multiple benefits that can be achieved for the power grid through the converters.
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On one hand, the independent control of active and reactive power output of a
VSC makes it capable of operating as a synchronous machine without inertia, and
therefore it represents a versatile asset during system operation [9, 11]. On the other
hand, the supplementary control through auxiliary controllers makes it possible
to modulate the active and reactive power outputs of the VSC for the purpose of
stability enhancement and/or frequency support [26,27]. In this vein, the objectives
of the research work in this thesis were set to the utilization of both primary and
supplementary controls for the enhancement of the power system stability.

— VSC
— LCC
= tb.d.

8/ 2\

Figure 1.1: HVDC links in Europe.

As the MTDC network controls interact with the connected AC systems, both
AC and DC system controls have to be coordinated in order to ensure a secure
and stable operation of the combined AC/DC power system. Although multiple
investigations on the coordinated control of the AC/DC system were presented in
the literature, however fewer studies dealt with the stability analysis of the combined
AC/DC system as a whole, as opposed to the analysis of DC voltage control in the
MTDC network. An interest in hybrid MTDC comes from the fact that there are
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Table 1.1: List of point-to-point HVDC links in Europe.

ID Project Location DC voltage (kV) || Rating(MW) || Type
1 Gotland Sweden +100 20 LCC
2 Cross Channel BP France-UK +270 2000 LCC
3 Fenno-Skan Finland-Sweden 400 500 LCC
4 Skagerrak 3 Norway-Denmark +350 500 LCC
5 Sacoi Italy-Corsica-Sardinia 4200 300 LCC
6 Baltic cable Sweden-Germany 450 600 LCC
7 Kontek Denmark-Germany 400 600 LCC
8 Hellsjon Sweden +10 3 VSC
9 Gotland HVDC Light Sweden +60 50 VSC
10 SwePol link Sweden-Poland 4450 600 LCC
11 Tjaereborg Denmark 9 7 VSC
12 Grita Greece-Italy 400 500 LCC
13 Moyle interconnector Ireland-Scotland 250 2x250 LCC
14 Troll A Norway +60 2x40 VSC
15 Konti-Skan 1 Denmark-Sweden 4250 250 LCC
16 Estlink Estonia-Finland +150 350 VSC
17 NorNed Norway-Netherlands +450 700 LCC
18 Sorebaelt Denmark 400 600 LCC
19 Valhall Norway 150 78 VSC

20 Sapei Italy-Sardinia +500 1000 LCC

21 BritNed UK-Netherlands 4450 1000 LCC

22 Romulo Spain-Mallorca +250 2x200 LCC

23 || East-West interconnector Ireland-UK 4200 500 VSC

24 INEFLE France-Spain +320 2000 VSC

25 Skagerrak 4 Norway-Denmark 500 700 VSC

26 Estlink 2 Estonia-Finland +450 670 LCC

27 NordBalt Sweden-Lithuania +300 700 VSC

28 NorGer Norway-Germany +450-500 1400 LCC
29 Nemo UK-Belgium 320-500 1000 VSC
30 Alegro Belgium-Germany +320 500-1000 VSC
31 Nordlink Norway-Germany +525 1400 VSC

multiple point to point LCC-HVDC and VSC-HVDC links that are already into
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operation, as shown in Fig. 1.1. A list of these projects is shown in Table. 1.1.
The connection of some of these links would certainly be of interest to create an
overlay grid within the interconnected AC grids [14,31]. To the best of the author’s
knowledge, there has been no studies in the existing literature on the topic of small
signal analysis of an AC/DC system with a hybrid MTDC network, as well as on the
topic of stability enhancement through operating point adjustment of an embedded
VSC-MTDC network.

The thesis aims to investigate the stability enhancement of the combined AC/DC
power system through the use of primary and secondary MTDC network controls.
The MTDC networks considered include both hybrid MTDC networks, as well as
VSC-MTDC networks. In order to achieve this aim, this research has the following
objectives:

* To develop a mathematical model for an AC/DC power system that includes
a hybrid MTDC network.

* To investigate the Power Oscillation Damping (POD) in the AC system
through supplementary controllers used at the hybrid MTDC network con-
verters.

* To investigate the stability enhancement of an AC/DC power system through
operating point adjustment strategy, applied through setpoint adjustment in
an embedded VSC-MTDC network.

* To investigate the design and optimal placement of a Multi-Input Single
Output (MISO) controller in an embedded VSC-MTDC network.

* To investigate the control scheme and performance of a hybrid MTDC system
that is supplying a zero-inertia network.
1.4 Control objective categorization

In the context of this thesis, the control objectives for MTDC network converters
can be classified into the following categories [10,43, 50]:

e Primary control: which refers to the regulation of DC voltage in the MTDC
network, as well as to the regulation of active power outputs of the converters
that are exchanged with the AC system.
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e Supplmentary control: which refers to the additional control functions that
can be conducted by means of auxiliary controllers at the converters, such as
Power Oscillation Damping (POD) and frequency support.

The above categories refer to the objectives of converter controllers. Therefore
for MTDC network converters, the primary controllers are the DC voltage and
active power power controllers. On the other hand, the supplementary controllers
are the POD controllers. The thesis tackles the utilization of both primary and
supplementary controllers in MTDC networks for the purpose of dynamic and
transient stability enhancement.

The main objective of this thesis is to utilize the MTDC network controls
toward the goals of enhancing the power system stability, as well as increasing the
inter-regional power transfer. The research conducted in the thesis focuses on the
strategies used at both primary and secondary converter controls in order to enhance
the power system’s dynamic and transient stability. The research aims at identifying
the challenges posed by the existing interconnections in the power system, as well
as utilizing the MTDC network controls to respond to these challenges. The thesis
also tackles the challenge of coordinating multiple damping controllers to avoid
adverse control interactions that could negatively impact the overall damping in the
system.

1.5 Contributions

The contributions of this thesis are summarized as follows:

e To derive a mathematical model for power systems with a hybrid MTDC
network. The model combines the average model of the VSC together with
the response model of the LCC, and acts as a unified platform for both
time-domain simulation and small signal analysis [Paper J1].

e To implement the control coordination between LCC and VSC controllers, as
well as the control coordination between POD and PSS controllers [Paper J1].

e To present an application of dynamic stability enhancement through operating
point adjustment using VSC-MTDC network controls. The adjustment is
based on the system stability margin’s sensitivity to Hopf Bifurcation (HB)
[Paper J2].
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e To propose a method for transient stability enhancement through operating
point adjustment using VSC-MTDC network controls. The adjustment is
based on optimized Power Transfer Distribution Factors (PTDFs) [Paper J2].

o To present the placement and design of a Multi-Input Single Output (MISO)
controller used for supplementary POD control in the VSC-MTDC network,
based on MLQG control strategy [Paper C2].

e To propose a control system and hierarchy for a hybrid MTDC network that
feeds into a zero-inertia AC grid with no available generation [Paper C1].

e To present a comparison between two distinct approaches for voltage and
frequency control at the receiving end network, and to demonstrate the ef-
fectiveness of one approach in improving the quality of supply in case of
contingencies [Paper C1].
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[C1] O. Kotb, M. Ghandhari, R. Eriksson, V. K. Sood, “A study on the control of
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O. Kotb, M. Ghandhari, J. Renedo, L. Rouco, R. Eriksson, “On the design
and placement of a supplementary damping controller in an embedded VSC-
MTDC network”, IEEE International Conference on Innovative Smart Grid
Technologies (ISGT Europe 2017), Torino, Italy, Sep. 2017

Thesis outline

The outline of this thesis is given as:

Chapter 2 presents the mathematical models of the power system components,
such as generators, converters, and controllers. The chapter also presents the
small signal analysis of the power system model.

Chapter 3 presents the research work and results for the utilization of a hybrid
MTDC network for stability enhancement through POD control.

Chapter 4 presents the research work and results for the utilization of an
embedded VSC-MTDC network for stability enhancement through operating
point adjustment.

Chapter 5 presents the research work and results for the utilization of MLQG-
based POD controllers in embedded VSC-MTDC networks.

Chapter 6 presents the research work and results for the utilization of a hybrid
MTDC network to supply a zero-inertia AC system.

Chapter 7 presents the conclusions of the thesis and some of the foreseen
future work.






Chapter 2

AC/DC Power System Modeling

This chapter presents the mathematical models of the system components such
as converters, generators, and their controllers. The chapter also presents the
Differential Algebraic Equation (DAE) model of the combined AC/DC power
system.

2.1 Foreword

The electric power system generally comprises three distinct stages: generation,
transmission, together with the distribution and loads. The power is first generated
by the generating units at a low to medium voltage level. The generated power is then
passed through step up transformers which raise the voltage level to a high voltage
that is suitable for sending the power over long distances through the transmission
lines of the grid to the load centers. Next, step down transformers receive the power
and lower the voltage to a voltage that is suitable for power distribution to various
residential, commercial, and industrial loads. Hence, in order to produce a model
that reflects the power system, various elements such as generators, transformers,
transmission lines, and loads need to be appropriately modeled. Power systems are
naturally described by DAEs, where the differential equations describe the dynamic
elements of the system, such as generators, converters, and controllers, while the
algebraic equations describe the power flow equations in the system. A generalized
AC/DC system is shown in Fig. 2.1. This chapter presents the individual models of
the power system components, as well as the DAEs used to describe the dynamic of
the power system in this thesis.

15
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Figure 2.1: Generalized AC/DC power system.

AC system model

2.2 Synchronous generator Model

A synchronous generator can be modeled with different degrees of detail depending
on the nature of power system study at hand. While the classical model only
represents the generator’s rotor angle and speed, the one-axis model also represent
the generator’s internal emf. The generator’s one-axis mode is given as follows [87],
fori=1,...,ng:
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where n, is the number of generators in the system. §; is the generator rotor angle, @
is the generator speed deviation from synchronous speed, M; is the generator inertia
constant, P,; is the input mechanical power to the generator, U; is the generator bus
voltage, 6; is the generator bus angle, E;l- is the internal emf of the generator, T;i is
the generator transient open circuit time constant, Ey; is the field voltage, x; and
x/d are the generator synchronous and transient equivalents reactances, respectively,
including the generator transformer reactance.

A high gain of the Automatic Voltage Regulator (AVR) is used in the excitation
system to improve the transient stability in the power system. Nevertheless, high
exciter gains may result in a deterioration in small-signal stability of the power
system. In order to avoid small-signal stability problems, Power System Stabilizers
(PSSs) are used to enhance the damping in the system by providing a contribution to
the voltage regulation [87]. A block diagram representation of the excitation system
is shown in Fig. 2.2, where Ky is the exciter gain of the AVR, U,y is the reference
voltage of the AVR, T, is the exciter time constant, and 4, is the contribution of
the PSS to the exciter voltage. According to the block diagram, the dynamic of the
exciter is given by:

. 1
Efqi = T ( — Etgi + Kai(Urefi + tgamp — Ui)) (2.4)

el

E
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PSS ets [ E
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Figure 2.2: Static exciter with AVR.
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A PSS model with a washout filter and lead-lag compensator is shown in Fig.
2.3. The washout filter is a high-pass filter that blocks contribution in case of a
steady-state deviation of the input signal. The lead-lag block shifts the phase by
setting 71-7 at values so that a positive contriubtion to damping is obtained.

uin —> TWS > ﬂ > 1+T3$ > Kdamp — udam
1+T,58 1+T,s 1+T,s P
Washout Phase compensation
block blocks

Figure 2.3: PSS controller structure.

The PSS model in Fig. 2.3 is redrawn to the equivalent block diagram in Fig.
2.4 for the purpose of writing the PSS’s dynamic equations as a set of first order
differential equations. The PSS dynamic is given as:

. 1

$i- = 7 (tinKaamp = S1i) @.5)
wi

. 1

S = T (c2i — S2i) (2.6)
bi

. 1

Sz = T (cai — S3i) 2.7
4i

where the intermediate states cy;, ¢p;, ¢3; and c4; are given as:

cti = UinKgamp — S1i (2.8)
T.
= Cli(l_%) (2.9)
2i
T.
c3 = Clil‘FSZi (2.10)
IbY
T.
i = cx(l—20) 2.11)
1y

The PSS lead-lag parameters can be tuned via different methods to maximize
the gain of least damped oscillatory mode in the system. The dynamic equations for
PSS state variables are given as:
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Figure 2.4: PSS controller equivalent model.
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Hence, the vector of state variables of a generator (x4c;) is given by:

, T
xACiZ[&' o E,; Epi Si S 531} (2.15)

Finally, the vector of state variables of the system generators (x4¢) in Fig. 2.1, is
given as:

T
XA = [XACI -xACngi| (2.16)
where n, is the number of generators in the system.

DC system model
2.3 LCC model

LCC circuit model

The LCC was represented by the response model [16, 65]. The response model
is suitable for stability studies, as it represents the basic quantities involved in the
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operation of the LCC, such as the DC current (/;.) and the firing angle (). The
LCC representation is shown in Fig. 2.5. The state equation for the DC current of

I:)LCC ’ QLCC

=

|||——-|>k

Figure 2.5: LCC converter

the LCC is given as follows:

, 1
Ije = T(VLCC -V (2.17)
dc

where V¢ is the LCC’s output DC voltage and V; is the DC network voltage at the
LCC terminal. Vicc is given as:

Vice = Vaciocos(ot) — creclye (2.18)

where V¢ is the no-load output voltage of the LCC, and ¢y ¢¢ is the DC current
constant of the LCC. The constants V.19 and czcc are given by:

3N,/2 3
”‘[U,- cLCC:% (2.19)

Viaero =

where N,, is the number of bridges in the LCC, U; is the magnitude of converter bus
voltage, and x; is the reactance of converter transformer.

Assuming the presence of nycc converters in the system, the vector of state
variables of the LCC currents is given by:

T
Xree = [Idcl Idc,,LCC] (2.20)
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Figure 2.6: DC current control at the LCC

LCC controller model

The case of DC current control is considered for the LCC, as the connected AC
networks are assumed to be active ones that are capable of securely supporting the
converter commutation [65]. The DC current is regulated by means of the firing
angle (&) [16,65]. Considering DC current control mode for the LCC, the current
controller is shown in Fig. 2.6. The firing angle (&) of the LCC is used to regulate
the DC current. Based on the configuration in the figure, the controller equations
are given as:

a = Xxg+ ké,CC (Idc - Idcref) + Udamp (2.21)
kiLCC (Idc - Idcref) (2.22)

where and kl.LCC are the proportional and integral gains of the current controller,
respectively, and x is the state variable of the controller. The POD controller shown
in Fig. 2.6 can be used for the purpose of damping the power oscillations at the
connected AC system in case of disturbances. The contribution given by the POD

controller is represented by uggmp.

LCC
kl’

2.4 VSC model

VSC circuit model

The VSC model is shown in Fig. 2.7, where V; is the DC voltage at the VSC
terminal, C,. is the capacitor installed across the DC side of VSC, x; is the reactance
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Figure 2.7: VSC converter represented by average model

of converter transformer, U; is the AC voltage of the converter bus, and E, is the
controllable voltage of the VSC. The AC voltage at the converter bus is given by
U; = Ue/%. Based on the average model representation, the AC voltage generated
by the VSC is represented as a voltage source with controllable magnitude (E,) and
phase angle (7.). The AC voltage generated by the VSC is given as follows:

E, = E.e'" = E.cos(Y.) + jEcsin(y.) = Eq+ JE, (2.23)

where E; and E, are the controlled components of the VSC voltage. Based on the
controlled components, the VSC voltage magnitude and angle are given as follows:

E. = \/E}+E} (2.24)

E
~1(Eq
. =t — 2.25

¥ an (Ed) (2.25)
Assuming negligible power losses in the converter, the active and reactive power
exchanged between the VSC and the connected AC system can be given as follows:

UE,. U;
P. = e Sil’l(ei — ’}/c) = —’(Edsinei — EqCOSGi) (226)
Xt Xt
U? UE, U U .
0, = — — cos(6; — ) = —- — = (E4cos8; + Esinb;) (2.27)
Xt Xt Xt Xt

Having assumed negligible losses in the VSC, it is now possible to write the state
equation of the DC voltage at the VSC as follows:

i 1 P
V.= — I 2.28
" Cye ( V; 2 (2.28)
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VSC controller model

Vie—al k

droop

Figure 2.8: DC voltage droop control.

The block diagram of DC voltage/active power controller is shown in Fig. 2.8,
where Pcom ; is the active power setpoint at the converter station, P, is the active
power output of the converter, while k4, is the DC votlage droop constant, which
is introduced to provide a contribution to DC voltage control by the converter.
kf" and kg" are the integral and proportional gains of the controller, respectively,
while XE, is the state variable of the controller. The PI controller handles the error
between reference point and feedback value and ensures a zero-steady state error.
The controller structure can be used to explain the operation of both droop control
and master-slave control as follows:

* In case of master-slave control, the value of DC voltage droop kg,op 18
equal to zero. In this case, the DC voltage control duty is assigned to one
converter only, while the remaining converters are operated in active power
control mode. The PI control in the inner loop controller is implemented by
introducing the control error (£, — P.) to the proportional and integral parts
of the controller. Hence, the output of the integrator is modelled as the state
variable of the controller, which is added to the output of the proportional
part of the controller. The controller equations in case of master-slave DC
voltage control are given by:

E,
Eq = kpl(vdcref - Vdc) +xEq + Udamp (2.29)
5 E,
g, = k'’ (Vdcref - Vdc) (2.30)

q i
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* In case of droop control, the DC voltage control function is distributed over
multiple converters in the MTDC network [45]. Based on Fig. 2.8, the
controller equations are given as:

E
E;, = kp'(Peres — Pe) +xg, + Udamp (2.31)

g = kP, —P) (2.32)

q 2 ref -

_ p0
where P, = P, P karoopVie-

C
. k B
Q,—* '
Cref S

Eq
kp

Figure 2.9: Reactive power/AC voltage controller.

On the other hand, based on the controller structure in Fig. 2.9 and assuming
reactive power control, the controller equations are given as:

E;, = kgd(chef - Qc) +xEd + Udamp (2.33)
g, = ki"(Qeref — Qc) (2.34)

where kgd and kf" are the proportional and integral gains of the reactive power
controller, respectively, and xg, is the state variable of the controller. It is worth
noting that the coupling between active power with E,, as well as the reactive power
with E; is conducted by the Phase Locked Loop (PLL) setting selection, such that
the ¢ and d voltage components are responsible for the independent control of active
and reactive power, respectively. However the modeling of PLL dynamics is beyond
the scope of this work.
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Based on the given LCC and VSC controller models, the vector of states for
converter controllers is given as:

(2.35)

Xcontrol = |:x051 xa"LCC xEdl xEdﬂvsc XEg o xE‘InvSC

where n;cc and nyge are the numbers of LCC and VSC in the MTDC network,
respectively, with nycc + nysc = n. with n, being the total number of converters in
the system.

2.5 DC line model

L Ii

line —p

I, R

—_— line
V.

L L
'Ipci ull

Figure 2.10: DC line model

The DC line is represented by its & equivalent model, as shown in Fig. 2.10.
Based on the figure, the state equation of DC line current can be given as follows:

. 1
Iij = 7(‘/1 - Iinline - V]) (236)

line

where L;;,. and Ry, are the line inductance and line resistance, respectively. V;
and V; are the DC voltage at the two ends of the line. The state equations for DC
voltages at the line ends are given as follows:

) 1
Vi= E(Ii —1;j) (2.37)

1

V= C—j(lij —1;) (2.38)
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where C; = C; = %, and Cj;;, is the line capacitance. Hence, the vector of DC
state variables is given as:

T
XDC — 11 Inhnm XLce V1 Vnc (239)

where ny;,.s and n. are the number of DC lines and and converter nodes in the
MTDC network, respectively.

AC/DC System Algebraic Equations

2.6 Static load model

A variety of load models can be found in the literature, with the static load model
being commonly used in stability studies [88] to represent the voltage dependency
of loads. In this model, the active Py, and reactive Qy, load power at bus i are given
as:

Ui\
P, = P, ()" (2.40)
i UO
Ui \me
QL,' - QLol. (i) (241)
0

where P, and Q, are the nominal active and reactive powers of the load at the
nominal \;oltage, lji is the actual bus voltage, while Uy is the nominal bus voltage,
m,, and m, represent the exponential load model, where m, = m, = 0 for constant
power loads, m, = m, = 1 for constant current load, and m, = m, = 2 for constant
impedance load [16, 60].

2.7 Algebraic mismatch equations

The algebraic variables at each AC system bus consist of the bus voltage magnitude
(U) and angle (0). The vector of algebraic variables at bus i is given as:

yi= [U,- 91} ' (2.42)
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Hence, the vector of algebraic variables of the buses in Fig. 2.1 is given by:

T

where N is the total number of buses in the system. As the AC system in Fig. 2.1 is
assumed lossless, the bus admittance matrix (¥p,;) is given by:

You = | . (2.44)

Y1 .o VNN

where Yp,s = Gpys + jBpus- As the AC system is assumed lossless, hence Gp,s =0
and Ypus = jBpus-

The algebraic equations are based on the active and reactive power mismatch
equations at the AC system buses. The power mismatch equations are given as:

* Generator bus: (i=1,...,n,)

N
0 = Pg+P,+ Z B,-jU,-Ujsin(Oi — 91) (2.45)
=1
N
0 = Qci+0QL— Y BijUUjcos(6;,—6)) (2.46)
=1

UE, . U2 Uk, .
where Pg; = —%L5in(6; — §; and Qg; = 5+ — —Lcos(6; — ;) are the active
Xdi Xdi Xdi

di
and reactive power of the generator, respectively.

* Load bus: based on the exponential load model given in the previous section,
the power mismatch equations are given as: (i =ng +1,...,n, +n)

N

0 = PLi—I-ZBijUinSin(O,'—Qj) 2.47)
=1
N

0 = QLi—ZBij(Uincos(G,-—Gj)) (248)

j=1
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* LCC buses: the LCC was represented as a constant load power for the purpose
of AC load flow. That is, the LCC converter buses were treated as PQ buses.
The power mimstach equations are given as: (i =ng+n;+1,...,ny +n; +
nrce)

N
0 = Pc+P,+ Z BijUinsin(Oi — Oj) (2.49)
=1
N
0 = Qice,+01,— ) Bij(UUjcos(6;— 6;)) (2.50)
=1

where Prcc; and Qrcc; are the active and reactive power of the LCC, respec-
tively. The reactive power at the LCC was calculated as a percentage of its
active power: Qrcci = kg, ;Prcci [16], where kg, ., is the amount of reactive
power consumption in proportion to the active power. A typical range for
ko, cc; 18 from 40% to 50% [33].

* VSC buses: the VSC was also represented as a constant load power for the
purpose of AC load flow. That is, the VSC converter buses were treated
as PQ buses. The power mismatch equations at VSC buses are given as:
(i= ng +n;+nrcc+ 1,...N)

N
0 = Pysci+P,+ ZB,-jUinsin(G,-— Gj) (2.51)
=1
N
0 = QVSC[ + QL,- — Bij(UinCOS(el' - 91)) (252)
=
where Pysc; = Uf‘fsin(ei — %) and Qysci = %’2 — U)"C—’f‘cos(é)i — %) are the

active and reactive power of the VSC, respectively.

2.8 Combined AC/DC DAE power system model

As previously given, based on equations (2.1)-(2.4), (2.12)-(2.14), (2.17), (2.22),
(2.28), (2.30), (2.32), (2.34), (2.36)-(2.38), and (2.45)-(2.52), the generalized power
system in Fig. 2.1 can be described as:
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o= fxy) (2.53)
0 = gxy) (2.54)

T
where x = [xAC XpC xmmml} is the vector of dynamic state variables, that is

subdivided into three vectors containing the states of the system generators (x4¢), the

states of the DC network (xpc), and the states of the converter controllers (X¢qusro1)-
T

On the other hand, y = [Ul .. Uy 061 .. 0y| isthe vector of algebraic

variables in the system.






Chapter 3

POD Control through a Hybrid
MTDC Network

3.1 Foreword

The study of power system stability includes a multitude of methods for the analysis
of the system. The choice of the category of stability study is dependent both on the
type of disturbance, as well as the size of the system. The main categories of the
methods used for power system stability studies are given as follows [16,22,23]:

* Small Signal Stability Analysis (SSSA) method: the SSSA is concerned
with small perturbations taking place around the power system’s operating
point. A small-signal model of the power system might be produced either
through the linearization of the original nonlinear system model, or through
system identification. Based on the small-signal model, the stability of the
system is evaluated, and modal analysis can be conducted to identify the
participating elements to the oscillatory modes. The results of SSSA are used
to identify oscillatory modes with a low damping, which are likely to cause
system instability in case of disturbances. The SSSA is also used for tuning
Power System Stabilizers (PSSs) and Power Oscillation Damping (POD)
controllers [22,23].

* Transient Energy Function (TEF) method: this method gives an estimate
of the stability region in case of faults, and is used for transient stability
studies. The method is based on Lyapunov’s second method. Despite having
the advantage of providing a stability index, the TEF method suffers from

31
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high complexity in case of using detailed models of the system components
(such as high order generator models) [24].

* Time-domain simulation method: this method is used for both dynamic
and transient stability studies. The method can also be used to corroborate the
stability evalutation obtained from SSSA. The major advantage offered by this
method is the ability to use detailed models of the power system components;
however the method does not provide an insight into the system’s stability
margin. Moreover, the simulation becomes increasingly time-consuming as
the size of the system gets larger [16,24].

» SIngle Machine Equivalent (SIME) method: this method reduces the
power system generators into two groups of machines: critical and non-
critical machines. Then, the transient stability of both groups is evaluated
through the Equal Area Criterion (EAC). Hence, the SIME method is capable
of identifying the stability margin in the form of Critical Clearing Time (CCT),
as well as the critical machines. Although the SIME method does not suffer
from the complexity of TEF method, however it does not present a sensitivity
analysis of the system’s parameters on the transient stability [24, 25].

In this chapter, the SSSA of the combined AC/DC power system is presented. Next,
the small signal analysis is applied to a test power system with a hybrid MTDC
network. The results of SSSA of the system are corroborated through time-domain
simulations.

3.2 Small signal analysis of power system model

Modal analysis

As previously given in Chapter 2, the dynamic of the multi-machine AC/DC power
system can be described by:

X = flxyu) (3.1
0 = glxyu) (3.2)
where x is the vector of state variables of order n, x 1, y is the vector of algebraic

variables of order n, x 1, and u is the vector of input variables of order n, x 1.
The system is assumed to operate at the equilibrium point (xq, yo, #g), which is the
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initial operating condition of the system before a disturbance takes place. For small
disturbances around the equilibrium point, the the system can be linearized around
the equilibrium point ((xo, yo,uo) as follows:

Ax = fillx+ fyAy + fulu (3.3)
0 = gAx+gAy+gulAu (3.4)

where the Jacobian matrices are calculated at (x = xg,y = yo,u = ug) as:

[ 5=[) 5=
o= (%) =[2] ae[2]

From (3.4), Ay can be written as:

Ay = —g, ! (g:Ax + guAu) (3.7)

substituting (3.7) in (3.3), the dynamic of the linearized system is given as:

Ak = [fo— fr8y @A+ [fu— frg, ' gulAu

(3.8)
=AAx+ BAu

where A is the system matrix of order n, X n,, and B is the input matrix of order
Ny X 1.

The output functions of interest are written in terms of state and algebraic
variables as:

%Y = h(x,y,u) (3.9
where 4 is of order n, x 1. The output % is linearized around the equilibrium point
as:

AY = hAx+ hyAy + h,Au (3.10)

substituting (3.7) in (3.10), the linearized output is given as:
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AY = [hy — hyg; ' gx]Ax + DAu G
= CAx + DAu '

where C is the output matrix of order n, X n,. Assuming D = 0, thus the linearized
power system model is given as:

Ax = AAx+ BAu
(3.12)
AY = CAx
Assuming Au = 0, the unforced system is given by:
Ax = AAx (3.13)

Eigenvalues of linearized system model

The eigenvalues of system matrix A are defined as the n, solutions of A = 4y,..., 4,
which satisfy:

det(sI—A) =0 (3.14)

where [ is the identity matrix. Each eigenvalue (real or complex) is associated with
a mode of the system. The modes are found as:

Al' = Gi:tj(l)i (315)

Hence, the eigenvalues of linearized system carry information on the nature of
existing modes in the system, with real eigenvalues corresponding to non-oscillatory
modes, and complex eigenvalues corresponding to oscillatory modes resulting from
local area oscillations between generators in the same zone, as well as inter-area
oscillations between groups of generators in interconnected areas. Based on the
oscillatory mode’s value, the frequency (f;) and damping (;) of the mode can be
found as:

& = —0; (3.16)

\/ 02 + @?
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A mode is defined as stable so long as it has a negative real part and it lies in
the left half of the complex plane, as shown in Fig. 3.1. The damping of a mode
also determines the decay rate of the oscillations.

Alm

Stable Unstable
des modes

Re

Figure 3.1: Locations of stable modes in complex plane.

Eigenvectors

The right (V") and left eigenvector (Vil) of the matrix A corresponding to the eigen-
value A;, are defined as the non-zero vectors which satisfy the following:

A‘/ir — A«[‘/lr
, , (3.17)
vi= AV,

1

where V/" and Vil are of orders n, X 1 and 1 X n,, respectively. The normalized
eigenvectors are given as:

vivr = [vf Y. } [vl’ o WV ]Tzl (3.18)

Iny Iny

Next, the right and left modal matrices can be defined as:
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ny

vE=lvr vio v
(3.19)
vL:[(vll)T wvh" . (v,fX)T]

Participation factors

In order to measure the participation of state variables in a certain mode i, the
participation matrix analysis is conducted. The right eigenvector V;” measures
the activity of a state variable in the mode i, however the elements in the right
eigenvector are dependent on the dimensions and scaling of the state. In order to
produce a dimensionless gauge of states in a certain mode, the participation factor
is defined as:

[ I
Pki = vikvli;i = v,rdv,-k (320)

As v;; measures the activity of the state variable x; in mode i, and vfk measures the
weight of this activity to the mode, the product p;; mesures the net participation.
In small-signal analysis, the matrix P, which contains all participation factors, is
defined as:

P11 -~ Pnn,

P= . 3.21)

p”xl pnxnx

Modal controllability and observability

The system matrix A in (3.12) normally takes a form of non-diagonal matrix, hence
the dynamic of each state is a linear combination of other state variables. The
analysis of parameters affecting the dynamic of each state variable is therefore a
difficult task. In order to decouple the states from each other, the system in (3.13) is
transformed by creating a new state vector as follows:
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E=Viar= (VR 1Ax (3.22)

substituting (3.22) in (3.12), the following system is obtained:

vRE —AvRE
E=(vR)lavie (3.23)
—AE

where A is a diagonal matrix of order n, X n, that has diagonal elements of the
system’s eigenvalues. Hence, the new system in (3.23) represents n, uncoupled
first-order differential equations given by:

&= Né&i (3.24)

fori=1,...,n,.
Applying the transformation in (3.22) to (3.12), the following system is obtained:

& = AE+VEBAu (3.25)
AW = CVRE (3.26)

Writing (3.25) in the form of n, uncoupled equations is given as:

n, ny
&=N&i+ Y VIBjAuj= L&+ ) cijAu; (3.27)
J=1 J=1
fori=1,...,ny, where n, is the number of inputs in the linearized system, ¢;; = Vl-lB s
Vi’ is the i""* row of V£, Bj is the 7" column of B, and Auj is the 7" element of Au.
In case ¢;; = 0, then the input Au; has no effect on the ith mode. Therefore the
i"" mode is controllable if and only if there is any c; ;—0. The matrix VB of order
ny, X n, is termed the mode controllability matrix, whose element in the jth row and
i"" column is ¢; ;. By inspecting the mode controllability matrix, the controllable
modes can be identified.

Similarly, the output equation in (3.26) can be written as:
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AY = icj"i’é = Z 0ji&i (3.28)
i= j=1

for j=1,...,n,, where n, is the number of outputs in the linearized system, o;; =
C,V/, C;is the j™ row of C and V/ is the i"* column of VR. The mode can only be
observed in the j* output variable if and only if there is any o ji 7 0. The matrix
CVR of order n, x n, is termed the mode observability matrix, whose element in
the j/* row and " column is o; j- By inspecting the mode observability matrix, the
observable modes can be identified.

Residues

Taking the Laplace transform of (3.25) and (3.26) gives the following:

E(s) = (sI — A)~'VEBAu(s)

3.29
A (s) = CVR(sI — A)~'VEBAu(s) 29

where s is the Laplace operator. The transfer function of 3.12 can be expressed as:

G(s) = AU(s) = ; "y (3.30)

where R; is the residue of G(s) at mode i (4;), which is expressed as:

R =CV'V!B (3.31)

R; is of order n, x n,. For a Single Input Single Output (SISO) linearized sys-
tem (n, = n, = 1), R; is a scalar and equal to the product of controllability and
observability of mode i.

POD controller design

Assuming a SISO linearized system, the open loop system is shown in Fig. 3.2.
On the other hand, the closed loop system is formed by adding the POD controller
H(s,K), as shown in Fig. 3.3.
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Au(s) — G(s)— AZ(s)

Figure 3.2: Open loop system for the residue of the mode A;.

The controller structure of H(s,K) is shown in Fig. 3.4. The washout block stops
contributions from steady state input deviations. On the other hand, the phase
compensation blocks are lead-lag functions that shift the phase by tuning the values
of Ty — Ty so that a positive contribution to damping is obtained [27,32], as shown
in Fig. 3.5. K is the gain which determines the magnitude of damping provided by
the POD controller.

Au(s)—0—G(s) AZ/(S)
H (s, Kj

Figure 3.3: Closed loop system for the residue of the mode A;.

T,S 1+Ts 1+T,s
— — u
-4 1+7,5 1+T,5 1+T,s damp
Washout Phase
block compensation

Figure 3.4: Controller configuration for H(s,K).

The input signal to the controller is selected as to provide a positive contribution
to the damping of the selected mode. The contribution is applied by adding the
output of the POD controller to the primary controller output. The design equations
for the lead-lag block are given as:

1+ sin(¢)
R =CV/V!B =180 —arg(R; 0=z 3.32
1 71 q) arg( l) 1—Sln(¢) ( )
Next, the values of parameters 77 and 75 are found as:
1
T=—+ T =oT =T (3.33)



40 CHAPTER 3. POD CONTROL THROUGH A HYBRID MTDC NETWORK

A Im
Ri
arg(Ri
SN Ng(.)
A
Desired Actual
eigenvalue eigenvalue

Re

Figure 3.5: Displacement of mode using the feedback controller H (s, K).

in case 60 < ¢ < 120: T3 = T;, Ty = T5, otherwise T3 = Ty, where ¢ is the argument
of the mode and w is the frequency of the mode,.

3.3 Hybrid MTDC network control

As a hybrid MTDC system involves both LCC and VSC converters, the primary
control mode for each converter depends on the connected AC system connected
to the converter [13, 14]. In case of active AC systems connected to both LCCs
and VSCs, the DC voltage control can be assigned to a VSC converter, while
the other VSCs operate in active and reactive power control mode. On the other
hand, the LCC operate in active power control mode. In case of a passive AC grid
connected to the VSC, the converter is operated to control both frequency and AC
voltage. Should the AC grids connected to all the VSCs be passive, then the DC
voltage control is assigned to the LCC. The converter control modes for the hybrid
MTDC system are shown in Table 3.1. It is worth noting that the case of LCC
connection to a passive AC grid was not considered, due to the impracticality of
the LCC operation at a passive AC system that lacks an active voltage to support
the converter commutation. Hence in a hybrid MTDC network, a LCC can only be
utilized to connect to an active AC grid [13]- [15].

Similar to the point-to-point LCC-HVDC and VSC-HVDC links, the converters
in a hybrid MTDC network can be used to effectuate POD control in the connected
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Table 3.1: Primary control modes for LCCs and VSCs in a hybrid MTDC network.

Active AC grid Passive AC grid
LCC Active power control -
VSC || Active and reactive power control || Frequency and AC voltage control

AC systems. Both LCC and VSC converters are capable of incorporating supple-
mentary POD controllers in conjunction with their primary controllers, as previously
shown in sections 2.3 and 2.4.

3.4 Test power system

U, 26, System A ; U,Z6,

107 dcl IZ' Pch VSC1 Edl}/d
Ri’ Ll Vdcx RZ' LZ

LCC

Xy K
vdcl

Roasr =0-2pu U, 26,

3Ha

Vv
bc L be L2 Uaégs IDloadz :1.5pU

|3’Pdc3lR3vL3 DC L3

vdc3
T
_% 4% VsSC2
System B

T U|34‘93 B4 U4|494 T

3 4
-O—= —
T = %S

U, 26,
Plcad3 = 03pu Pload4 = O3pU

Roaas =1.2pu

Figure 3.6: AC/DC power system with hybrid MTDC network
The test system is shown in Fig. 3.6. The system is described using DAE:s as:

X= flx,y,u)

3.34
0= g(x,y,u) 339
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According to the components’ models in Chapter 2, the state variables of the test
system are given as:

X = [xAC XDC  Xcontrol (3.35)

where x4 is the vector of state variables for the AC system, xpc is the vector of state
variables for the DC system, while x.,;,o; 1S the vector of control state variables.
The vectors are given as:

* AC system vector x4c (i = 1,2,3,4)

Xac, = [51' o; E;,' Erai S1i Sa 531} (3.36)
T
Xac = [XACI XAC, XAG XACJ (3.37)

* DC system vector xpc

As DC L1, connected between the LCC and the star point (V,), is a short
line, the line is modeled as a resistance (R;) in series with an inductance (L),
while the capacitance of the line is neglected. Thus, the LCC current (Z;.1)
becomes equal to the line current (/1) in DC L1. xpc is given by:

T
Xpe = [11 L L Vio Vac Vdcx:| (3.38)

e Control states Vector X ousrol

T
Xcontrol = {xa XE,  XEp, XE, xqu} (339)

where x is the state variable of DC current controller at the LCC, XE,, is the
state variable of reactive power controller at VSCI, XE,, is the state variable
for DC voltage controller at VSCI, XE, is the state variable for the reactive
power controller at VSC2, and xg,, is the state variable for the active power
controller at VSC2.
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On the other hand, the algebraic variables at each AC system bus consist of the bus
voltage magnitude (U) and angle (0), as described in Section 2.7. The vector of
algebraic variables is given as: (i =1,2,3,4,5,6,7)

v = [vi 8 (3.40)

T
y = [Ul U 6 .. 6 (3.41)

The total number of state variables in the combined AC/DC system is 39, while
the total number of algebraic variables is 14. The equilibrium point of the DAE
system in (3.34) is obtained through a two-step process explained as follows:

¢ First, an AC/DC load flow is conducted based on the unified method [46]. The
converter power losses are neglected, with the DC power specified at each
converter DC bus, except the DC slack bus (whose voltage is V) where
VSCI1 is operated in DC voltage control mode. Both AC and DC power
mismatch equations are solved simultaneously. The AC/DC load flow gives
the initial values of the state variables in (3.38) and (3.39), as well as the
algebraic variables in (3.41).

* Second, the obtained values of state and algebraic variables are used to
calculate the initial values of the state variables in (3.36) (by substituting
in their respective state equations). Hence, the equilibrium point (xg, yo, #o)
is obtained and used for the purpose of small-signal analysis of the power
system.

3.5 SSSA Results

The oscillatory mods in the combined AC/DC system are shown in Table 3.2. It
could be observed that all eigenvalues have no positive real parts, indicating a stable
operating point of the system. In the context of SSSA, a mode was considered to be
adequately damped if its damping ratio is greater than or equal to 5% [27]. It could
be noticed that the modes dominating the transient response of the system are A, »
and Agg.
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Table 3.2: Oscillatory modes in the combined AC/DC system.

A Mode f (Hz) 4
Mo —0.2208 £ j6.3045 1.0034 || 0.0350
Ass —3.5578 £ j6.9908 1.1126 || 0.4536
As7 —1.9294 + j7.0349 1.1196 || 0.2645
Ag o —0.7233+ j9.1620 1.4582 || 0.0787

Aligz || —4.6988+78.7973 || 1.4001 || 0.4711
Ai31a || —3.1049 4 j10.9244 || 1.7387 || 0.2734
Alono || —4.8293 4 j12.4481 || 1.9812 || 0.3617
Asoe || —3.6704+ j8.1006 || 1.2893 || 0.4127
A3132 || —2.9015+j7.4491 || 1.1856 || 0.3629

Analysis of mode 4, »

In order to identify the contribution of the system’s dynamic elements in the modes,
the participation matrix analysis was conducted. The participation factors (p;) of
the system states in the mode A, » are shown in Table 3.3. The table shows that A »
belongs to system A, with generator 2 being the largest contributor to the mode.
The mode also shows a contribution from the control states of VSC1 in the form of
participation factors of E,;, E,1, and Vy,. The contribution of these control states
is affected by their respective controller gains, which also affects the contribution
from V2. The contributions of generators 3 and 4 to the mode are equal to zero,
due to the interconnection of systems A and B through the MTDC network.

Analysis of mode Ag o

The variation of damping of the mode Ag 9 against a range of the proportional gain
for the DC voltage controller (Kf"z) is shown in Fig. 3.7 . The increase of gain

causes the mode Ag 9 to become unstable at a critical value of Kffcrmwl =2.35,
hence the operating value of the gain should be kept below this critical value. The

E’ﬂcriﬁ a1 With the gains of PSS3 and PSS4 is shown in Fig. 3.8. The

variation of Kp_

figure shows a reduction in the value of critical gain as the gains of PSS3 and
PSS4 are increased. This comes as Ag ¢ represents a control interaction between
the DC voltage controller and the PSSs, which is found through the results of the

participation matrix analysis in Table 3.5. The table shows that the contributors to
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Table 3.3: Participation factors of the system states in A, ».

Pi

A8, || 0.1032

A8, || 0.5038
Aw; || 0.1032
Aw, || 0.5038
AE,, | 0.0031
AE,, | 0.0085
AE g || 0.0031
AE g || 0.0085
AS11 || 0.0002
ASy; || 0.0001
AS31 || 0.0001
ASy> || 0.0005
ASy || 0.0002
AS3 || 0.0002
AVsq || 0.0117
AE,; [/ 0.0189
AE, [ 0.0133

the mode are the state variables of the DC voltage controller xg,,, PSS1, and PSS2.
Therefore the gains of PSS3 and PSS4 should not be increased (above the set-value
of 0.3) in order to avoid the reduction of the critical gain value shown in Fig. 3.7.

Table 3.4: Variation of Ag 9.

Kp® =02 Kp® =023 Ky* =05
Aso || —0.7233+j9.1620 || —0.5206 % j9.4673 || —0.3679 £ j9.8070
Zso 0.0787 0.0549 0.0374
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Figure 3.7: Effect of changing Kfﬂ , on the damping of mode Ago.
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Impact of POD controller placement

In order to improve the damping in system A, a comparison of POD controller
placement at the LCC and VSCl is provided. The controller was tuned based on the
residue method. the generator speed was used as the input signal for the controller.
The resulting improvements in the damping of A, » are shown in Table 3.6. The
table shows a higher improvement in the mode damping in case of POD controller
placement at VSC1 as compared to its placement at the LCC.

The modal controllability and observability of the mode A4, » were calculated as
shown in Table 3.7. In case of controller placement at the LCC, the input is taken as
the generator speed at G, while the output of the controller makes a contribution to
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Table 3.5: Participation factors of controller states in Ag .

Pi
ASyp || 0.0107
ASH 0.0107
AS31 0.0107
AS1> || 0.0235
AS>» || 0.0235
AS3 || 0.0235
AV || 0.0127
AE,; || 0.1160
AE, || 0.1160

the firing angle (¢¢) at the LCC. On the other hand, in case of controller placement
at VSCI, the input to the controller is the generator speed at G,, while the output of
the controller makes a contribution to the voltage component (E,;). Table 3.7 shows
that the values of modal controllability and observability of A, , are higher for the
input and output signals of the POD controller at VSC1, as compared to the POD
controller at the LCC. The higher values of modal controllability and observability
indicate a larger magnitude of the mode residue at VSC1 as compared to the LCC,
indicating an improved performance of the POD controller at VSC1, as compared
to the controller placement at the LCC.

Table 3.6: Variation of A; » with POD controller.

No POD POD at LCC POD at VSC
A2 || —0.2208 £ j6.3045 || —0.5436 £ j6.5592 || —1.0047 £ j6.6723
Cin 0.0306 0.0826 0.1489

Table 3.7: Modal controllability and observability of 4, , at LCC and VSCI.

POD at LCC [[ POD at VSC1
Controllability || 2.516x107° 3.802x107°
Observability 6.7x107° 0.0323
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3.6 Time-domain simulation results

The effect of increasing the proportional gain at the active power controller of VSC2
is investigated. The controller configuration is shown in Fig. 2.8 in Section 2.4.
It has been found that in order to guarantee a damping that is greater than 5% for
Ag 9, the value of Kng should be kept below 0.2. A disturbance of 10% decrease
in PL5 was applied for 0.5 s at 10 s of simulation time. The effect of changing
the controller gain is shown in Fig. 3.9. The figure shows that the increase of
proportional gain results in the prolongation of the period of power oscillations over
L35. The variation of Ag 9 with the change of proportional gain is also shown in
Table 3.4. The value of the gain was selected at 0.2 in order to obtain an adequate
value of damping for Ag .

0.47

P (pU)
o
j

—KEp=0.2
p
—KEp=0.3
p
—KEq2:0.5
p
| |
03 10 15
Time (s)

Figure 3.9: Effect of changing Kf‘fz.

A three-phase fault was applied at 10 s of simulation time. The power over line
L12 following fault clearing is shown in Fig. 3.10. It shows that the POD controller
is capable of damping the power oscillations that followed the fault clearing. On the
other hand, the power oscillations persist on the line for over 20 s after fault clearing
in the absence of the POD controller. The impact of PSS gain variation is also
shown in Fig. 3.10. It could be noticed that the increase of gain at PSS1 and PSS2
led to a reduction in the damping performance of the system. This is due to the
faster action of the POD controller at VSC1 as compared to the damping provided

20
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Figure 3.10: Power on L.12 following fault clearing.
by PSS1 and PSS2. Thus, it could be concluded that the PSS gain at generators

1 and 2 should not be increased (above the set value of 0.4), in order to avoid the
reduction in the damping provided by the POD controller.






Chapter 4

Operating Point Adjustment

Control through a VSC-MTDC
Network

4.1 Foreword

The availability of multiple controllable elements in the power system has spurred
research into system control through opreating point adjustment. In this vein, the
system’s operating point can be adjusted by means of varying a set of controllable
parameters, whose change results in the displacement of the system’s operating
point to a new one. The adjustment of the controllable parameters is usually
conducted with the purpose of enhancing the system stability against the backdrop
of other freely changing parameters, whose variation may result in a deterioration
of system stability, such as loads [29, 30]. As earlier power system operations
lacked the means for global, system-wide data acquisition and measurements, the
principle of operating point adjustment faced a practical difficulty in testing and
implementation. Nevertheless, various strategies for operating point adjustment
were developed based on the modal analysis of the power system [29]. The strategies
considered elements of the power system to locate the controllable parameters, such
as generators and capacitor banks. In case of genrators, both AVR setpoint and
redispatchable power were studied as the controllable parameters. On the other
hand, variable reactive power compensation was considered as the controllable
parameter in case of capacitor banks. The criterion, against which the operating
point is adjusted, is based on the margin to oscillatory instability caused by Hopf

51
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Bifurcation (HB), as detailed in the following sections of this chapter.

With the advent of Phasor Measurement Units (PMUs) that are capable of pro-
viding real time measurement of power system states, there has been an increasing
interest in the utilization of modal analysis as a tool for real-time operation of power
systems. Traditionally, PSS and POD controllers have been used to enhance the
system stability by modulating the active power to induce a positive contribution to
the damping in the system, in what is known as modulation control. Modulation
control is effectuated in case of the occurrence of a disturbance to maintain the
stability and security of the system. On the other hand, operating point adjustment
control aims to alter the power system’s operating point to avert the isntability
condition in the system. The modal analysis is used as a tool for evaluating the
system’s stability margin, which determines if a decision to adjust the operating
point is made [57]. In a coordinated control scheme, a potential solution is to utilize
the modulation control as a first line response against disturbances, while operating
point adjustment controls can be used as a secondary choice to alter the system’s
operating point in the post-disturbance environment, with the purpose of reaching a
more secure small-signal condition of the system [57].

4.2 Calculation of sensitivity to HB

Given the DAE system model:

X[ feeym)|
H - [g(x,y,,,)] _Fem) @

where x € R™, y € R and n € R™ are the vectors of state variables, algebraic

variables, and parameters, respectively. f € R™ ™ represents the differential

equations of the system, while g € R represents the algebraic equations
T T

of the system, F = { fT gT} , while z = [x y] . The derivation of sensitivity

given in this section largely follows [47]- [50]. The system parameters vector

n= [/,L p} consists of uncontrollable parameters (1) and controllable parameters
T
(p). The equilibrium point of the system is given by (zo, 7o), where zg = [xo yo}

T
and ny = [,uo po} are the vectors of combined state and algebraic variables,

and parameters at equilibrium, respectively. The eigenvalues are found from the
linearized system matrix as follows:
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A= fi— 8, " g (4.2)

As the computation of A in (4.2) requires the inversion of g,, the sparsity of g, is
destroyed. In order to preserve the sparsity of gy, the eigenvalues are calculated
using the "generalized" system matrix F;, which is given as:

s 8
F, = 4.3
z L’x gy] 43)

The eigenvectors for the generalized system matrix are given by:

_ fx fy eq —F
8x 8y| |€2 ¢

where F;, is the Jacobian of F' with respect to z, e is the right eigenvector of F;, and A
is the vector of generalized eigenvalues. Uy represents the values of uncontrollable
parameters at the original equilibrium point. HB takes place upon the variation of
uncontrollable parameters above Ly, when a pair of complex eigenvalues reaches
the imaginary axis and have a zero real part, as shown in Fig. 4.1. Beyond this point,

Ae 1
0

€1

=Fe “4.4)
€

the system is no longer small signal stable. At this point, N* = [,u* p*} ! are the
values of parameters at the HB point.

In order to avoid small-signal instability, the stability margin M, defined as
M = u* — up, can be increased by adjusting the controllable parameters (p) in
response to the variation in . The adjustment in p is conducted according to the
first order sensitivity of M with respect to p. This process is explained as follows:

* At the point of HB, F; is evaluated from the power flow solution, followed by
the calculation of other dynamic variables to find the equilibrium point at the
HB point (z,n%).

¢ The matrix uy is found from the inverse of F; to represent the system parame-
ters at the equilibrium point (z,n*), where u; : R” — R"=. The matrix uy, is
found as, where Fy, is the Jacobian of F' with respect to 7:

Fuy = —Fy 4.5)
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Figure 4.1: HB occurrence as shown in complex plane.

* The sensitivity of M with respect to p is a normal projection to n*. The
normal vector to N* is calculated using the sensitivities of the eigenvalues
real parts to p as:

N = Re{d (Fiuy + Fy ) e} 4.6)

where F;; is the Hessian (second partial derivative) of F, with respect to z,
F is the Hessian of F, with respect to z and 7, d and e are the normal-
ized extended left and right eigenvectors of F, that correspond to the purely
imaginary eigenvalue, with de = 1 and |d| = 1.

* Considering the sensitivity vector:

N = |:n/~l npl np2 n[’m—l] (4‘7)

The sensitivity of the stability margin to the controllable parameters is given
by:

p|p0 =T nPl an an—l (48)
o
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4.3 Setpoint adjustment in case of load changes

The control objective is to adjust the controller setpoints at the VSC-MTDC net-
work converters in order to increase the HB stability margin of the power system.
Therefore, the controllable parameters (p) consist of the active and reactive power
setpoints at VSC1, VSC2, and VSC3. The increase in stability margin results in
an increased distance between the power system’s operating point and HB, and
consequently the minimum damping in the system is increased. The optimization
formulation therefore aims to maximize the damping of the least damped mode in
the system. The operating point of the system that achieves a maximum damping of
the least damped mode is defined in terms of the following optimization problem:

max min X, Y, 4.9
Pref,-eref,— c ( y n) ( )
sit. glx,y,n)=0 (4.10)
flx,y»,n)=0 4.11)
P QM < Profy, Qref, < P, Q" 4.12)
where
Snin =, @13
n = [.u'vprej}aQreﬁ] (414)

where i, is the damping of least damped oscillatory mode obtained from (4.4).
Thus, the adjustment of controller setpoints aims to maximize Cyiy. Pre rand Q.
are the active and reactive power setpoints at the i’ converter, respectively, mp,,, and
my,, . are the sensitivities of stability margin to active and reactive power setp(l)ints,
respectively. The steady state of the system is ensured by the equality constraints
in (4.10) and (4.11), while the converter power limits are ensured by the inequality
constraint in (4.12), respectively. The inequality constraint in (4.12) guarantees that
the output power of VSCs does not exceed its power rating, specified in MVA.
The optimization process is described by the flow chart in Fig. 4.2, where
P, and Q. are the active and reactive powers setpoints at converter i, where
i=1,..,n. Proe P and Q(r)e  are the initial values of active and reactive power setpoints
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Figure 4.2: Flow chart for the calculation of optimized controller setpoints
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at converter i, &4y and &,,;, are the maximum and minimum values of step size used
to adjust the active and reactive power setpoints, K is the total number of points in
the interval [€,n, Enax], While k is the iteration number. The initial operating point
of the power system is determined based on the AC/DC load flow. The selected
uncontrollable parameter y (representing load increase) is varied until a HB is
reached, when a zero damping is obtained for an eigenvalue. The sensitivity of the
stability margin for the active and reactive power setpoints of the VSC controllers
are calculated at the HB point. A line search [66] is then conducted to determine the
optimum values of the active and reactive power setpoints. During the line search
process, the generators’ output powers are determined based on their governor droop
constants [67]. Thus, the total change in generated power is distributed over all the
generators, so as to represent the generation redispatch upon the setpoint adjustment
at the VSCs. The new generators’ output powers are then used in the linearization.

The adjustment of active and reactive power setpoints is formulated as follows:

Prefi(€opt) = P, + €opuni, (4.15)
P if  Pep < PLY
PUp = Presi if P <P <P (4.16)
L :Z}a‘,-x lf Pref,- > rn;}z%x
Oref (€opt) = Oy + Eopiig,, (4.17)
( : .
%’2 lf Qreﬁ < Q;ZIJ’}I
t . i
QL= Qi if QU< Qpepy < O (4.18)

Z%C if Qre fi > Q’;Z?{C

where Pr(l 4 and Q(r)e 1. are the original values of setpoints for active and reactive
power, respectively, €, is the optimum step size. On the other hand, the minimum

: : : min max : :
and maximum values of active power setpoint are P/} 7 and P . respectively, while

the minimum values of reactive power setpoint are Q’;Z’}t and Q% respectively.

4.4 Setpoint adjustment in case of faults

The setpoint adjustment in case of a fault is intended to enhance the transient
stability through the reduction of inter-area power flow over AC interconnections,
by diverting the power flow to the DC interconnections. A generalized transmission
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scenario for both AC and DC interconnections between two areas is shown in Fig.
4.3. The tie lines selected for power flow reduction are those with large angle
differences at their end buses, and are to be determined by the involved TSOs. As
the MTDC network converters are capable of quickly changing their output powers,
the power transferred over the MTDC network can be increased to reduce the power
flow over the AC tie lines. The reduction in power flow over the AC tie lines is
calculated using the PTDFs [51] in case of a new post-fault power flow scenario
that is defined as a priori [51,52], by means of the adjusted VSCs output powers.
The PTDFs are calculated based on the variation of bus voltage angles resulting
from a changed power flow scenario.

AC tie lines
N

DC network

Figure 4.3: Inter-area AC and DC interconnections.

The PTDFs are calculated with the assumption of reduced power over the tie line
in order to minimize the Power Transfer Distribution Factors (PTDFs) in the new
power flow scenario. The PTDFs’ calculation is derived from the power mismatch
equations as follows [53]:

fp(8,U) = 0 (4.19)
fol8,U) = 0 (4.20)

where fp and fp represent the active and reactive power power mismatch equations
for the system, respectively, while 0 and U are the bus voltage angle and magnitude,
respectively. In case of a small change around the operating point, the linearized
equations of active and reactive power variations are given as:

fp(6,U) dfr(8,U)
AP = ar380) 0558w v =J v “.21)
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9fp(6.U) 9fp(6,U)
where J = | ;9% ;) an(LGI,U)] is the Jacobian matrix with partial derivatives of
(4.19) and (4.20?.6 The ci)llénges in bus voltage and angle can therefore be obtained
as:
Afp(0.U) dfp(0,U)] ! ro / '
e Il o | I A R A o)
BT R 21¥22 21 22

The PTDF in the line between buses i and j is calculated as:

AB; — AB;
PTDF;; = AP; = y;; = 7’% d (4.22)
ij

where x;; is the reactance of the line between buses i and j. Under the assumption
of fixed network configuration (i.e. without line tripping), the adjustment of active
power setpoints in MTDC network converters is calculated based on the reduced
power flow over the AC tie lines, in such a way to keep the total amount of inter-area
power transfer (over both the AC and DC ties) fixed at the pre-fault level. In the
power system of Fig. 2.1, assuming ;. converters injecting active power into the
receiving area, such that Q. € ny, the adjustment of active power aims to minimize
the 2-norm of PTDFs relevant to the tie lines as follows:

min Yy, (4.23)
B i€0y,
s.t. fl,y,n)=0 (4.24)
g(x,y,n) =0 (4.25)
Prefi < :Z%C (426)

where Y, represent the PTDFs of the tie lines interconnecting the two areas of
the power system, P,.y; represent the adjusted setpoints of the MTDC converters,
and P% is the converter’s maximum value of active power setpoint set by the
converter’s rating.
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Table 4.1: VSC control modes in the MTDC network.

VSCl1 DC voltage control | Reactive power control
VSC2 || Active power control | Reactive power control
VSC3 || Active power control | Reactive power control

4.5 Test power system

The study system consists of two IEEE 14-bus sections interconnected by a
long AC tie line, together with an embedded VSC-MTDC network, as shown in
Fig. 4.4. The converter buses are connected to buses 9 in section A, and buses 18
and 22 in section B, respectively. The generators in each section are represented by
one-axis model with IEEE Type-I exciter and TGOV 1 governor. The AC system
data are given in [17]. The total number of state variables in the combined AC/DC
system is 93, which are categorized as:

X = [xAC XDC  Xcontrol (4.27)

where the lengths of vectors xac, xpc, and Xconr0 are 80, 7, and 6, respectively. On
the other hand, the total number of algebraic variables (y) is 62. The control modes
for VSC1, VSC2, and VSC3 are given in Table 4.1.

section A

Figure 4.4: Test system with embedded VSC-MTDC.
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4.6 Time-domain simulation results

Load change results

A disturbance of 25% increase (14 MW) in load power at bus 23 is applied for 0.1 s.
The variation of power flow over the tie line is shown in Fig. 4.5. The figure shows
poorly damped inter-area power oscillations in case of fixed setpoints at the MTDC
converters. On the other hand, the setpoint adjustment was capable of damping
the power oscillations by reducing the power flow over the tie line. Instead, the
increase in load power is supplied through VSC2 and VSC3. The figure also shows
the variation of power flow over the tie line in case of droop control applied to DC
voltage regulation in the MTDC network. The figure also shows a difference in
power in case of different DC voltage control strategies, as in case of droop control
the injected power is affected by the DC voltage changes that take place at the
converter stations where active power setpoint adjustment is conducted.

—without setpoint adjustment
—with setpoint adjustment (master-slave control)
—with setpoint adjustment (droop control)

14

20
Time (s)

Figure 4.5: Variation of power flow over the tie line following a 25% load power
increase at bus 23 applied for 0.1 s.

The inter-area oscillations are also shown through the phase portraits between
the Single Machine Equivalent (SIME) rotor angle (dspr) and speed (@syyr) [4,8],
where Os;ye and wgyy e are defined between the groups of generators in sections
A and B, respectively. The phase portraits show the variations in 87y and @syyg,
with the origin being the equilibrium point representing the original operating point
of the system. The phase portrait in Fig. 4.6 shows persisting oscillations in ds;yx
following the disturbance in case of fixed setpoints at the MTDC converters. On
the other hand, Fig. 4.7 shows a departure from the original operating point to
the new operating point in case of setpoint adjustment, with adequate damping of
the oscillations in ds7yg as a result of the adjustment in the operating point of the
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system.
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Figure 4.6: Osipe-®sive phase portrait without operating point adjustment.
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Figure 4.7: Os;me-0sive phase portrait with operating point adjustment.

A comparison between the performances of POD and operating point adjustment
is shown in Fig. 4.8. The figure shows the basic difference between both techniques.
The POD control is focused on increasing the damping ratio at the same operating
point through the deployment of supplementary controllers (such as PSSs and POD
controllers). On the other hand, the operating point adjustment control transfers the
system to a new operating point in order to mitigate the poorly damped oscillations
at the original one. In this context, the POD control can be set to operate as the
first line of action against disturbances, as its operation is fully automated and
incorporated within the main control framework (i.e. does not depend on operator
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action). On the other hand, the operating point adjustment control can be used as
a secondary control mechanism, since its initiation and decision making is largely
dependent on the system operator. Although the work covered here did not include
the coordination between POD control and operating point adjustment, a discussion
on this coordination was given in [70].

T
—without setpoint adjustment|
—with setpoint adjustment
—with POD control

20
Time (s)

Figure 4.8: POD control as compared to operating point adjustment.

Short circuit fault results

—without setpoint adjustment, Tdearing=120 ms
—without setpoint adjustment, T, . =125 ms
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Figure 4.9: Power flow over the tie line following short circuit at bus 7.

In this section, the impact of a short circuit fault at bus 7 is evaluated. The
stability improvement is evaluated by studying the impact of setpoint adjustment
on the fault Critical Clearing Time (CCT). The power flow over the AC tie line is
shown in Fig. 4.9, the figure shows prolonged power oscillations over the line in
case of a clearing time of 120 ms, which corresponds to the value of CCT. In case of
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a clearing time that is greater than the CCT, the tie line is tripped as a result of non-
oscillatory angle instability taking place in the system and forcing the separation of
its sections. On the other hand, the figure shows that setpoint adjustment is capable
of increasing the CCT from 120 ms to 200 ms, while maintaining the power flow
over the tie line at a lower value. The resulting enhancement in damping is due to
the power flow rerouting through the MTDC network from section A to section B
and the subsequent decrease in power flow over the tie line. It is worth noting that
the setpoint adjustment is assumed to take place simultaneously with fault clearing,
thereby allowing to use the fault clearing time as a communication latency that is
needed for delivering the control signals to the converter stations. The VSCs were
assumed capable of withstanding the low voltages in the AC network during the
fault, as stipulated in the European Network for Transmission System Operators for
Electricity (ENTSO-E) grid code for Fault Ride Through (FRT) [69].



Chapter 5

Design of a MISO POD
Controller in a VSC-MTDC
Network

5.1 Foreword

As the size and complexity of power systems continue to increase due to system
interconnections and increasing share of renewable energy sources, inter-area and
cross-border flows of bulk power are becoming a commonplace in system operation
[74,75]. Although power system interconnections are a benefit to the system from
an economic and reliability points of view, however the result is an increased stress
level in system operation [76]. As an increased stress level means that the system is
operated closer to its stability limits, this can easily give rise to stability problems
that threaten the secure operation of the system. Inter-area oscillations has been
one of the major stability problem in large interconnected power systems [74]-
[76], as it has led to multiple incidents of blackouts that affected large parts of the
interconnected power systems [74].

Along with local area oscillations, inter-area oscillations have traditionally been
damped using PSSs, which receive local signals (such as generator speed), and
contribute with a supplementary input to the generator’s AVR to include the required
phase compensation. Nevertheless, the observability of inter-area modes in local
signals is low, as compared to global signals [75]. Therefore the ability of PSSs to
damp inter-area oscillations is limited. Moreover, PSSs are typically tuned based on
a single operating scenario, and hence they are less effective in handling changes in
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operating conditions such as load changes, or variations in network topology [75].
For this reason, an inter-area oscillation can be inadequately damped by a PSS, and
can give rise to instability in the interconnected system.

As a result of the increasing use of Wide Area Measurement Systems (WAMS)
in power systems, there has been a growing interest in utilizing remote signals
to damp inter-area oscillations. The acquisition of WAMS-signals is based on
Phasor Measurement Units (PMUs). PMUs measure and sample the voltage and
current waveforms system buses and use synchronization signals from the Global
Positioning System (GPS) [77,78]. The synchronized time sampling enables the
creation of a real-time picture of the system at the control centers. WAMS based
control was enabled using the measurement signals provided by the PMUs, as shown
in Fig. 5.1. The Phasor Data Concentrator (PDC) filters the data gathered through
PMUs and dispatches the required signals for monitoring and control applications.

PMU 1 Monitoring
applications
Phasor Data | |
PMU 2 Concentrator |
1726 Control
applications
PMU n—

Figure 5.1: General structure of WAMS control.

The damping of power system oscillations using FACTS devices has also been
investigated, with remote signals once again showing a superior performance in
the damping of inter-area oscillations, as compared to local signals. Different
POD controller designs were reported in literature, including the conventional
lead-lag design [81, 82], as well as H,/H.. designs, which were used to ensure
the robustness of the controller under various operating conditions. Despite its
efficacy in dealing with changing operating conditions, the H.. controller design has
a difficulty in selecting the weighting functions, which is due to the involvment of
multiple generators in the targeted inter-area modes [83]. The tuning of weighting
functions becomes harder as the system size is larger, as the weights added affect
multiple modes other than those originally targeted by the controller. On the
other hand, Linear Quadratic Gaussian (LQG) control was also used for POD
controller design [58, 80]. The LQG control approach relies on reaching a tradeoff
between error minimization due to deviations of the targeted states, and a minimum
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control effort, which are both defined through the quadratic cost function. Despite
its advantages, the weighting functions in LQG control problems are once again
complex to derive, as the weights do not directly target the inter-area modes. Thus,
the weights are determined based on a participation factor analysis. As the system
size gets larger and multiple inter-area modes are targeted, the design process
becomes increasingly complex [80, 84].

As the LQG cost function can be expressed in terms of any variable on the con-
dition of being a linear combination of dynamic states, a modal formulation of the
cost function has been proposed in [58]. The advantage of this modal formulation is
that it renders each element of the weighting function directly responsible for an
oscillatory mode, thus it enables to target the inter-area oscillations only without
affecting the remaining local modes. The resulting controller design is of Multi-
ple Input Single Output (MISO) structure. This chapter utilizes the Modal LQG
(MLQG) strategy for the design of a POD controller in an embedded VSC-MTDC
network. The controller placement is determined based on the eigenvalue sensitivity
of the least-damped targeted inter-area mode [59, 60]. The controller placement
using eigenvalue sensitivity aims to find the POD’s controller location where its
damping performance is maximum, as explained in the next section.

5.2 Derivation of Eigenvalue sensitivity

AY

Figure 5.2: State space block diagram of linearized power system model.

The approaches used for eigenvalue sensitivity calculation are generally divided
into explicit [54], implicit [55], and hybrid [56] methods. Depending on the power
system model being used, the sensitivity is calculated in terms of state and/or
algebraic variables. In the explicit form, the state variable derivatives are written
exclusively in terms of state variables. In the implicit form, both state and algebraic
variables are used in writing the sensitivity expression. On the other hand, the hybrid
form utilizes the linearized model of the power system to derive the sensitivity
expression. The linearized state space power system model used in this section is
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shown in Fig. 5.2. This section summarizes the derivation of the linearized state
space model as well as the calculation of eigenvalue sensitivity.

The derivation of system linearization is performed as described in section 3.2.
Hence the linearized state-space model is given as:

At = AAx+BAu (5.1)
AY = CAx (5.2)

where A?/ is the vector of outputs, A is the system matrix, B is the input matrix, C
is the output matrix. The supplementary controller is represented by H (s,q) in Fig.
5.2, whose input is determined by A% and whose output makes a contribution that
is added to Au.

The sensitivity of the closed loop eigenvalue A; with respect to the parameter g
of the controller is given by:

oA _ R dH (s,q)
dq

ls=2, (5.3)

where R; is the residue of the transfer function given by %. The residue is obtained

as:

R = WIB%
(1—H(i,q))

Cv; 54
where v; and w; are the right and left eigenvectors corresponding to the mode A;,
respectively. The eigenvalue sensitivity is therefore split into these two components,
which correspond to the location of the controller and a generalized parameter ¢ in
the controller’s transfer function H(s,q). The use of g is limited to the calculation
of sensitivity, so it does not express the real number of parameters in the actual
controller. In case of controller absence, the value of transfer function H(4;,q) is
null. The arising eigenvalue sensitivity in this case is used to evaluate the optimal
location for supplementary controller placement, with the optimum location being
where the magnitude of the sensitivity is maximum (assuming equal observability
factors for the signals). In this case, the expression for eigenvalue sensitivity
becomes [59, 60]:

o _ w! BCv; (5.5)
dq
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5.3 MLQG Control Design

Derivation of control law

This section describes the MLQG control design process. The derivation for all
variables given hereby excludes A as the design is understood to be based on the
linear model. The linearized state space system model with process noise y and
measurement noise V is given as [58,61]:

X = Ax+Bu+Ty (5.6)
% = Cx+v 5.7

The process and measurement noises are assumed as uncorrelated zero mean
Gaussian stochastic processes. W and V are the spectral density matrices of process
and measurement noises, respectively. The control problem for LQG in modal form
is to develop a feedback control law that minimizes the following cost function:

J = lim E{ /0 ! <xT(MTQmM)x+uTch)dt} (5.8)

T—ro0

where Q,, and Q. are the weighting matrices of modal variables and controller
outputs, respectively, while M is a real mapping matrix that relates the system modal
variables z and state variables x such that:

zZ(t) = Mx(t) (5.9)

where M is a obtained through a real Schur decomposition [68] that guarantees real
values for the elements of M. The modal variables in z(z) relate to the system modes
directly, such that each mode is dealt with in the form of it ,wWhere i =1,...,n,
with n being the order of the system. The benefit of using the modal variables to
formulate the cost function in (5.8), is to avoid the complexities associated with
conventional LQG controller design that are due to the involvment of mutiple
generators into targeted modes [61]. The cost function aims to minimize the error
while keeping a minimum control effort, as determined by the relative weights of
the elements in Q,, and Q. matrices. The weighting matrices are usually formed as
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diagonal matrices. The diagonal elements of Q. are selected so as to penalize the
controller outputs with a high values, while the diagonal elements of Q,, are selected
so as to penalize the modal variables when deviating from steady state values. As
each diagonal element in Q,, is associated with a system mode, the particular modes
of interest are given non-zero weights in Q,,, while the other modes’ weights are
set to zero. The Linear Quadratic Regulator (LQR) controller gain K is obtained
from the solution of Algebraic Riccati Equation (ARE) based on the cost function
in (5.8). The feedback control law is given as:

u(t) = —Kx(r) (5.10)

where K = Q. 'BTX is the constant state feedback matrix. X = X7 > 0 is a positive
semi-definite matrix that is the solution of the ARE given by:

ATX + XA—XBQO:'B'X+Q, = 0 (5.11)

Hence, the closed loop dynamic with feedback control is given by:

¥ = Ax—BKx+Ty (5.12)

However, the control law in (5.12) assumes that the system states are measurable,
which is not a realistic assumption in power systems. Thus, an estimate £ of the
states is used in the feedback control as follows:

u(t) = —K£(t) (5.13)

where £(¢) is the estimate of the states computed using Kalman filter, as shown in
Fig. 5.3. Hence, the dynamic equation for state estimate is given as:

() = AR+Bu+L(¥ —Cx)+Lv (5.14)

where L is the estimation error feedback matrix. The choice of L is made such
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Figure 5.3: MLQG controller structure.

as to minimize E{[x — £]”[x — £]}. This is accomplished by solving the ARE
corresponding to the following cost function, where W and V are the spectral
density matrices of process and measurement noises, respectively:

J, = lim E{/OT (xTWx+uTVu)dt} (5.15)

T—rc0

Thus, the closed loop dynamics of the LQG controller are described by:

x| A —BK
X N ILC A—LC—-BK

The transfer function of the controller from the output (%) to the input («) is given
by:

X

A

X

S

Lv

+ [F% (5.16)

A. B,
C. D.

Kioc(s) (5.17)

-K 0

A—BK—LC L]
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POD controller structure

The modulation of active power for the purpose of oscillation damping is achieved
by adding the supplementary controller output to the active power setpoint, as shown
in Fig. 5.5. In this figure, the input to POD controller is APy, (which corresponds
to A% in Fig. 5.2), while the output of the POD controller is taken as E, (which
corresponds to Au in Fig. 5.2). The main active power controller is represented by
the PI (Proportional Integral) block. On the other hand, E, is the converter voltage
component that is used to regulate the active power. The details of main controller
model and operation are given in [62, 63].

The conventional POD controller structure consists of a lead-lag filter, where the
parameters are determined by the residue method [64] as given in Chapter 3. It was
assumed that one POD controller only is used at VSC1. In this case, the local input
signal is taken as the line power. As a result of the SISO structure of the controller,
the lead-lag parameters can be tuned based on one mode only, which is taken as the
least damped mode. A combination of multiple SISO damping controllers would
be equally unable to target the intended modes only, as the application of a single
controller adjusts the dampings and directions of the other modes. On the other hand,
the MISO structure of the controller in case of MLQG-based POD enable multiple
inputs to the POD controller, as shown in Fig. 5.6. Thus, multiple oscillatory modes
can be targeted simultaneously. In this case, the number of input signals to the POD
controller is equal to the number of modes being targeted. The WAMS input signals
to the controller are provided by the Phasor Measurement Units (PMUs) deployed
in the system. For simplification, it was assumed that PMUs are adequately placed
to obtain the required line powers. The time delays associated with remote signals’
transmission were modelled using Padé approximation [79, 80], as shown in Fig.
54.

Y

T(t-17) T(s)=e"

Time domain Laplace domain

Figure 5.4: Time delay representation.
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Figure 5.5: Incorporation of conventional POD controller.
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Figure 5.6: Incorporation of MLQG-based POD controller.

5.4 Test Power System

The test power system used in the study is shown in Fig. 5.7. The control of DC
voltage in the VSC-MTDC network is assigned to VSC2, while VSC1 and VSC3
operate in active power control mode. The generators are represented by one-axis
model [18] with Automatic Voltage Regulator (AVR). The generators G and G3 are
also equipped with PSSs. The system loads are represented as constant impedance
loads. On the other hand, the converters are represented by the average model [27],
which represents each VSC as a voltage source with controllable magnitude and
phase angle. The test system data is given in [60].
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Figure 5.7: Three-area test power system.

5.5 Results

Small signal stability results

Table 5.1: Inter-area modes in the test power system.

Mode f (Hz) ¢
Ass || —0.1308+ j4.7180 || 0.7509 || 0.0306
Aas || —0.1634 % j4.5021 || 0.7165 || 0.0363
Aono || —0.2441+£ j5.0713 || 0.8071 || 0.0481
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The oscillatory inter-area modes of the system with a damping ratio below 5%
are shown in Table 5.1. It could be noticed that A4 5 is the least damped mode, the
mode shape of A4 5 is shown in Fig. 5.8. The figure shows that the mode represents
an oscillation between the generators of area B against those of areas A and C,
respectively.

90
. _Gl
150 30

. _G
; 2
0 s
180 —g,
_G5
210 330 |—Cs

240 300

270

Figure 5.8: Mode shape of A4 5.

Table 5.2: Inter-area mode sensitivities corresponding to potential controller loca-
tions.

Mode: A4 Mags || Ao
VSCl1 0.9731 || 0.8506 || 0.7031
VSC2 0.7071 || 0.7413 || 0.6882
VSC3 0.6513 || 0.5028 || 0.6613

The magnitudes of inter-area mode sensitivities corresponding to the possible
controller placements at VSC1, VSC2, and VSC3 are shown in Table. 5.2. The
table shows that sensitivity to the least damped inter-area mode is highest at VSCI1.
Therefore, it turns out that the controller placement at VSC1 would yield the optimal
damping performance. For the purpose of sensitivity calculations given in Table 5.2,
the input signal to the controller was taken as Pjo_11, which is the active power flow
over the tie line between buses 10 and 11.
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The impact of conventional and MLQG-based POD controllers placement on
small signal stability of the system is shown in Fig. 5.9. The figure shows the ability
of the controller to displace the inter-area mode further to the left of the complex
plane, as compared to the performance of the conventional PSS-based POD. Upon
MLQG-based controller deployment, the damping of A4 5, 14,15, and A9 9 rose to
9.32%, 10.31%, and 8.3%, respectively, based on the controller input signals given
in the next section. On the other hand, the conventional POD controller was tuned
according to the residue of A4 5 only, since the lead-lag block parameters can be
tuned to one mode only. Consequently, it could be noticed that the conventional
POD controller was not capable of raising the damping of A9 59 above the target
value of 5% indicated by the dotted line in Fig. 5.9.

° No POD
“ a e | ¢ MLQG based POD
5- 4 Conventional POD|
= R (>5% «— "« —» [<5%
< N
©
E
A
*
4.5+ A\\\ ° i
¢ \\
. .
-0.5 -0.25 -0.1

Re(A)

Figure 5.9: Variation of inter-area modes due to POD controller placement.

Selection of MLQG Controller Input Signals

A study of the modal observability of potential input signals to the MLQG-based
POD controller was conducted, with the purpose of determining the signals with
highest observability for the targeted modes of interest. The input signals considered
in the study were limited to the active power flows in lines. As the controller targets
multiple modes, the number of controller inputs is equal to the number of modes
of interest. The values of normalized modal observability factors for the inter-area
modes of interest are shown in Table. 5.3, where the base value is taken as the
maximum value of observability for each controller input signal. It is assumed
that Phasor Measurement Units (PMUSs) are appropriately placed such that they are
capable of readily providing the required input signals to the controller, with a time
delay represented by a 2" order Padé approximation. Based on the results in Table
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5.3, it turns out that the modes A4 5, A1415, and 419 29 can be most observed in the
active powers of lines Lj>_13, Ls_14, and L1, respectively.

Table 5.3: Inter-area modes’ observability factors for controller input signals

P13 || Pso1a || Pii-12
Ass 1 0.4027 || 0.6974
Mais 0.3282 1 0.3402
A19.20 0.6813 || 0.3661 1

Controller Performance in Case of Load Change

1.1

—MLQG-based POD
0.7F —Conventional POD |+
L L L L L
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Time (s)

Figure 5.10: Power flow over Ly_17 following temporary load increase at bus 9.

Table 5.4: Settling times for power flow over Ly_7.

Settling time (s)
No POD > 30
Conventional POD 20
MLQG-based POD 12

The performance of the POD control was tested in case of a 10% temporary
load increase for 0.1 s at bus 9. The variation of active power over the tie line Lg_;7
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is shown in Fig. 5.10. The figure shows an extended period of oscillations in case
of absence of the POD control at VSC1. The conventional POD control was able to
reduce the period of oscillations following the disturbance, however the damping
provided by the controller was not optimal as the parameters were not tuned to
the inter-area mode between areas A and C. On the other hand, the performance
of the MLQG-based POD controller shows to be superior to the conventional one,
due to the use of multiple inputs in controller operation. The settling times for the
respective cases in Fig. 5.10 are shown in Table. 5.4. The settling time was defined
as the time passed for the line power to be bounded within +2% of its steady state
value.
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Figure 5.11: Variation in output power at VSC1 due to POD control.

A comparison of POD control effort in case of conventional and MLQG is
given in Fig. 5.11. The figure shows the variation in output power of VSC1 due to
POD controller contribution. In case of MLQG control, the variation in power is
limited to 0.1 pu thanks to the application of weighting matrix Q. which limits
the controller output effort.

Controller Performance in Case of Short Circuit Fault

A three-phase short circuit fault was applied for 100 ms at bus 10. The power
flow over the tie line Lp_;; is shown in Fig. 5.12. The figure shows a period
of prolonged power oscillations over the tie line in the absence of POD control.
Although the conventional POD controller was able to reduce the period of power
oscillations, however the suboptimal tuning of the controller cannot achieve a swift
damping of the oscillations following the fault clearing. On the other hand, the
MLQG-based controller is capable of targeting all the inter-area modes involved,
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Figure 5.12: Power flow over Ljg_1; following three-phase fault at bus 10.

and therefore it was able to provide an optimal damping of the power oscillations
that followed the fault clearing.






Chapter 6

Supply of a Zero-inertia System
through Hybrid MTDC Network

This chapter discusses the control and operation of a hybrid MTDC system that
supplies a passive network with no local generation. As the EMTP-RV simulation
environment was used in this chapter, the content will accordingly be oriented
towards the model implementation of the test system in that simulation software.

6.1 Foreword

Hybrid HVDC systems with both LCCs and VSCs have been contemplated since
1994 [13], the typical range of applications for hybrid HVDC systems include
power supply to island networks, as well as transmission links that only require a
uidirectional flow of power. The main motivation behind hybrid HVDC systems
was to combined the benefits of LCC’s low cost and the VSC’s independent control
of the active and reactive power. Subsequenctly, hybrid MTDCs with more than two
terminals were first contemplated in [15]. Hybrid MTDCs are also contemplated for
power supply to islands, but have also been considered for power grid integration of
renewable energy sources [71], when the receiving end network is a strong one. This
chapter presents an electromagnetic simulation study of a hybrid MTDC network
supplying a passive network that has no local generation. The control strategies
of LCC and VSC converters are presented and discussed. Two control scenarios
for VSCs supplying the passive networks are proposed and compared, along with
additional control schemes developed to handle converter tripping contingencies.
This chapter deals with the specific case of using the hybrid MTDC in supplying an
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AC system with no local generation, which is one of the hybrid MTDC system’s
most advantageous applications, as there will be no need to reverse the power flow
over the DC lines.

6.2 Converter models in EMTP-RV

As an electromagnetic transient simulation program is fundamentally different from
an RMS simulation one, this section sheds some light on the modeling of LCC and
VSC converters used in EMTP-RV. In an electromagnetic simulation, the switching
of a converter’s power devices is actually implemented, instead of using an average
model of the converter (as previously explained in chapter 3 of this thesis). As the
converter switching is represented, a brief explanation of the control and switching
circuits for both the LCC and VSC is given in this section.

LCC model

The LCC’s operation is based on thyristors, which are essentially ON-controlled
power devices (i.e. their turn-on is controlled via firing pulses, but their turn-off
takes place due to line commutation). The block diagram representation of the
LCC’s control and switching circuits is shown in Fig. 6.1, where « is the firing
angle command of the LCC’s thryistors.

ol > ang |, LCCfiring

Control circuit Lo
clrcuit pulses

Figure 6.1: LCC representation in EMTP-RV.

VSC model
MI
.. > VSC
Control circuit| y PWM — suitching
> pulses

Figure 6.2: VSC representation in EMTP-RV.

In detailed model of the VSC, the control circuit produces two main quantities
that are used in generating the output voltage of the VSC, namely the modulation
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index (MI) and VSC voltage phase angle (). The modulation index regulates the
magnitude of the VSC’s output voltage, while the angle y regulates the amount
of power exchanged betweeen the VSC and the connected AC system. A block
diagram representation of the VSC and its control circuit is shown in Fig. 6.2.

6.3 Test system

The test system studied in this chapter is shown in Fig. 6.3. Both LCC1 and
LCC2 are assumed to be connected to strong AC grids. On the other hand, VSC1
and VSC2 supply the passive load through identical transmission lines of equal
length. The next section elaborate on the control modes selected for LCC and VSC
converters.

vscl
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Figure 6.3: Vector control implementation in EMTP-RV.

6.4 Hybrid MTDC network control system

The control system in the hybrid MTDC network deals with both LCC and VSC
converters. The LCC controllers are shown in Fig. 6.4 and Fig. 6.5, respectively.

[04
Vocret —~O—»{ PI _"j_iri’ Firing| _ LCC firing
* circuit pulses

Q,
Voc

Figure 6.4: DC voltage control at LCC.

On the other hand, the control strategy used at the VSC can be one of the
following:
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Figure 6.5: Active power control at LCC.

* Direct control: in this strategy, the AC voltage magnitude and angle are

directly regulated through PI controllers, as shown in Fig. 6.6. In this case,
the control is directly implemented in three-phase (abc) frame without the
need for coordinate transformation. Although this control is not preferred in
case of VSC connection to an active AC network, however it is sufficient in
case of VSC connection to a passive network, since the converter acts as the
sole voltage source for the connected load [71,72].

UACref—‘?—> Pl Ml
» VSC
UAC PWM > switching
pulses

PACref»*?—» PI 7

Figure 6.6: Direct control strategy at the VSC.

Vector control: in this strategy, a coordinate transformation from the three-
phase abc reference frame to two-axis dg reference frame is conducted,
consequently the two-axis currents (iy and i,) are regulated in dg reference
frame. The advantage of this strategy is that it’s capable of achieving an inde-
pendent control of d-axis and g-axis currents, and therefore an independent
control of active and reactive power can be achieved by coupling each of
them to one current component [71,72]. The block diagram for vector control
strategy is shown in Fig. 6.7. The figure shows the inner control loops for
d-component (i) and g-component (i) currents. On the other hand, the outer
loop controllers are selected according to the operating mode of the VSC.
The figure shows the methodology of implementing the vector control of the
VSC in EMTP-RV.

Based on vector control strategy, the possible control modes are summarized
in Table 6.1.
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Figure 6.7: Vector control strategy at the VSC.

Table 6.1: Possible VSC control modes.

d-component g-component

Scenario 1 DC voltage control | Reactive power control
Scenario 2 || Active power control | Reactive power control
Scenario 3 || Active power control | AC voltage control

As for the test system considered in this thesis, two control scenarios were
developed and tested. These control scenarios are given and described as follows:

Control scenario A

In this scenario, both VSC1 and VSC2 were operated in AC voltage control mode
implemented through direct control scheme, with Phase Locked Loop (PLL) syn-
chronizing the output voltages of converters. On the other hand, LCC1 and LCC2
were operated in DC voltage and active power control modes, respectively as given
in Fig. 6.4 and 6.5, respectively. The control modes of the converters in control
scenario A are shown in Table. 6.2.

Control scenario B

In this scenario, VSC1 was operated in AC voltage control mode implemented
through direct control, while VSC2 was operated in active power and AC voltage
control mode based on vector control methodology. LCC1 and LCC2 were also
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Table 6.2: Control scenarios A and B for LCCs and VSCs.

Control scenario A | Control scenario B
LCC1 DC voltage control
LCC2 Active power control
VSC1 AC voltage control | AC voltage control
VSC2 || Active power control | AC voltage control

operated in DC voltage and active power control modes, respectively. The control
modes of the converters in control scenario B are also shown in Table. 6.2.

6.5 Converter tripping contingnecy control schemes

In order to handle a converter tripping condition, event-triggered control schemes
were developed with the purpose of avoiding the system collapse in case of a
converter outage. The control schemes adjust the control modes of the remaining
converters in order to retrieve the control functions that were lost due to the fault.

This section presents the LCC and VSC tripping contigency control schemes.

LCC tripping contingency control scheme

Vocrr =1 pu
AV, =0.05 pu
Yes

Ve <Vocrer =AVpc ? No

( Start )

Is

No

Switch LCC2 to V. control

L (=

Figure 6.8: Flow chart for control scheme handling the tripping of LCC1.
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The flow chart for the control scheme that handles the LCC tripping is shown
in Fig. 6.8. The scheme operation is based on local DC voltage measurements
to detect the tripping condition. A threshold value of 0.95 pu is used to detect a
potential tripping of LCC1, as shown in Fig. 6.9. Next, the rate of change of DC
voltage is used to differentiate the tripping condition from momentary dips in the
value of DC voltage. The threshold value of d‘g[’c was determined based on the
conducted simulations. The scheme also employs an intentional time delay of 80
ms before adjusting the control mode of LCC2 in order to ensure that the loss of DC
voltage control function is a permanent, not a temporary one. Upon the detection of
the DC voltage controlling station tripping, the control mode at LCC2 is switched
to DC voltage control.

VDC
LCC2: Py control
Vocrer |- - — — — LCC1:V,. control
AV
VDCref _AVDC —————— | VDCm =1 pu
LCC2: Ve | AV, =0.05 pu
control :
| PDC
P

DCref

Figure 6.9: LCC1 tripping scheme operation.

VSC tripping contingency control scheme

The flow chart for VSC tripping control scheme is shown in Fig. 6.10. The scheme
is intended to complement the operation of control scenario B, as it operates in case
of VSCI1 tripping and the loss of AC voltage control in the passive network. The
scheme operates based on the detection of a disturbance in system frequency that
results upon the tripping of VSCI1. The scheme operation is shown in Fig. 6.11.
The scheme operates upon detecting an increase in system frequency, along with
a high rate of change of power input to the DC side of VSC2 that occurs upon
the tripping of VSC1. The threshold value for ‘IZ% was determined through the
conducted simulations. The condition on the rate of change of DC power at VSC2
is necessary to ensure that the scheme does not operate in case of a DC fault, which
can also cause a disturbance in the system frequency.
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Figure 6.10: Flow chart for control scheme handling the tripping of VSCI.

In case of scheme operation, the control mode at VSC2 is switched to AC
voltage control under direct control, as explained in the previous section.

f (Hz)

VSC1tripped : Vuc control
- fo + Af
fo+0.25 |-
f,4 normal operation: P,V,. control, f; £0.25 Hz

f=0.25 |- f, =50 Hz
Af =08 Hz

Figure 6.11: Operation of control scheme handling the tripping of VSCI.

It is worth noting that in case of control strategy A applied at the VSC control,
there is no need to operate the VSC tripping contingency scheme. This comes as a
result of both VSC1 and VSC2 operating in AC voltage control mode, therefore in
case of VSCI1 tripping, the AC voltage control function is not lost.
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6.6 Results

LCC1 tripping
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Figure 6.12: DC voltage at LCC2 upon the tripping of LCC1.
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Figure 6.13: LCCs’ active power outputs upon LCC1 tripping contingency.

The contingency of LCCl tripping was implemented at 1.5 s of simulation time
to test the operation of the LCC tripping scheme in case of the loss of DC voltage
control. The result is shown in Fig. 6.12. The figure shows a drop in DC voltage as
the DC voltage control at LCC1 is lost, subsequently the DC fault scheme operates
to switch LCC2 to DC voltage control mode. On the other hand, the active power
output of LCCs and load power are shown in Fig. 6.13 and 6.14, respectively. The
figures show that the LCC tripping scheme was capable of restoring the lad power
to the pre-contingency level within 0.7 s of the LCC tripping.
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Figure 6.14: Load power upon LCC1 tripping contingency.
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Figure 6.15: Load power upon VSCI1 tripping contingency.

The contingency of VSC1 tripping was applied at 1.5 s of simulation time. The
load power is shown in Fig. 6.15. The figure shows a faster restoration of load
power in case of control strategy A, as a result of redundant AC voltage control
at both VSC1 and VSC2 converters. On the other hand, the system frequency is
shown in Fig. 6.16. Once again, the figure shows a smaller frequency excursion in
case of control strategy A, as there has been no adjustment of controller objective
for VSC2. It is worth noting that the frequency excursion in system frequency at
control strategy B is due to the momentary disconnection of controller at VSC2, as
the new controller is brought into service to regulate the AC voltage.
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Figure 6.16: System frequency upon VSCI tripping contingency.

DC line fault

A DC line fault was applied at 1.5 s of simulation time. The fault was applied at
the midpoint of the line connecting LCC2 with VSC2 (i.e. at the meeting point of
L3, L4, and L5). The DC voltage behavior in case of various fault clearing times
are shown in Fig. 6.17. The figure shows that the post-fault magnitude of DC
overvoltage gets reduced as the clearing time gets shorter. On the other hand, the
figure also shows the difference between the post-fault DC voltage value in case
of LCC1 tripping. It’s worth noting that the LCC tripping contingency scheme
operation was not triggered by the DC fault condition. It is also worth noting that
the DC fault clearing times did not consider the DC cable ability to withstand the
flow of fault current. That is, it was assumed that the DC cables can safely withstand
the flow of fault current for the entire fault duration.

.251 =
l.OE*
— —LCC1 tripping
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g 8 —DC fault, clearing time=100 ms
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Figure 6.17: DC voltage upon DC fault clearing.






Chapter 7

Conclusion and Future Work

7.1 Conclusion

This thesis has discussed multiple issues related to the control of MTDC networks
interconnecting AC power grids. The networks considered included both hybrid
MTDC and VSC-MTDC networks. The modeling platform, presented in chapter
2, was furnished in a modular way that can be applied to various test systems.
The general conclusion that can be drawn from the small-signal analysis study
of AC/DC power systems is that controller interactions can significantly affect
the stability of the combined AC/DC system. Hence, the coordination of various
damping controllers is necessary to ensure that the simultaneous operation of
multiple controllers is geared towards an enhancement of the overall stability in the
system. In this vein, small-signal analysis was proven as a yardstick that can be
used for studying the control interactions of various damping controllers.

The control strategy presented in Chapter 4 aims to enhance the combined
AC/DC power system stability via operating point adjustment. The operating point
is adjusted by means of varying the VSC controller setpoints. The variation of
controller setpoints is made in poportion to a the sensitivity of a stability to HB
in case of load changes. On the other hand, the variation of setpoints is made
according to optimized Power Transfer Distribution Factors (PTDFs). In this vein,
the operating point adjustment strategy can be used as a tool for system operator to
forestall the occurrence of disturbance that threatens the system stability, in case
a low damping condition is detected in the system. Operating point adjustment is
envisioned to form a part of Modal Analysis for Grid Operations (MANGO), which
aims to utilize the modal analysis not just for monitoring, but also as a tool for
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real-time control of the power system.

In Chapter 5, the design and placement of a MISO damping controller in an
embedded VSC-MTDC network was presented. The controller placement is based
on eigenvalue sensitivity analysis. On the other hand, the controller is based on
MLAQG linear control strategy, and uses WAMS signals for simultaneous targeting
of multiple inter-area modes. The work was focused on the selection of an optimal
location for the placement of a single damping controller within the VSC-MTDC
network.

In Chapter 6, the control and operation of a hybrid MTDC network supplying
a passive zero-inertia AC system were investigated. The supply of the passive AC
system with redundant AC voltage control at the VSCs proved capable of handling a
converter tripping contigency with a lesser impact on the quality of supply provided
to the passive system. On the other hand, event-triggered converter tripping control
schemes were successfully tested against both LCC and VSC tripping conditions.

7.2 Future Work

The MTDC network topology considered in this thesis was limited to the star-
configured network. The MTDC network topology can be modified to consider
other meshed network topologies. In this vein, it is also important to consider the
DC fault condition and its effect on the connected AC systems.

In Chapter 4, we presented the operating point adjustment strategy for stability
enhancement in the AC/DC power system. In case of load changes, it was assumed
that the delay in adjusting the VSC controllers’ setpoints is negligible, while in
case of faults, it was assumed that the time delay before the variation of setpoints is
embedded in the fault clearing time. In a future research, the coordination between
damping controllers (a.k.a modulation control) and operating point adjustment is
to be investigated. As the damping controllers are capable of acting as a first line
of action against disturbances to improve post-disturbance oscillation damping,
operating point adjustment can be envisioned to act secondarily based on the system
operator’s decision to transfer the system to a new equilibrium point. The mechanism
of coordination is to be investigated, together with considering the practicalities
related to real-time implementation (such as communication latencies, and the
presence of multiple TSOs).

In Chapter 5, we presented a MISO POD controller design based on the MLQG
control strategy using WAMS signals. It was assumed that master-slave strategy
is adopted for DC voltage control. In a future research, the DC voltage control
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strategy is to be changed to droop control to observe the potential impact on the
POD performance of the controller. Moreover, the formulation of the cost function
for te MLQG controller is to be investigated to reach a coordination between the
primary control objective of regulating the DC voltage, and the supplementary
control objective of damping the power oscillations.

In Chapter 6, we presented the supply of the passive AC system using two
VSCs. In a future research, the number of VSCs supplying the passive system
can be increased to study the coordination among different converters concerning
AC voltage and frequency control in the passive grid. The research question to
be addressed has to do mainly with maintaining the voltage and frequency within
preset bounds to guarantee the quality and security of supply in a multi-infeed
VSC-supplied AC grid. In this context, the study of potential control modes of the
VSCs is to be investigated, especially concerning redundant AC voltage control
at multiple converters. The research is also to include the dynamics of the Phase
Locked Loop (PLL). As this kind of supply, which is entirely dependent on VSCs,
is relatively a novel one, both dynamic and electromagnetic simulations are needed
to comprehend the system operation.
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