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Abstract

The fundamental changes in the generation of electrical power within recen-
t decades raised the need for smarter and more flexible power grids. High volt-
age direct current (HVDC) technology has been regarded as an ideal supplement
to existing AC power grids for energy conversion, power flow control, and stabili-
ty enhancement. The rapid progress of self-commutating high-voltage high-current
semiconductor switches, which mainly attributed to the development of the insulated
gate bipolar transistor (IGBT), has led to the rise of voltage-source converter (VSC)
HVDC technology. Control system plays a key role to maintain the proper operation
of VSC-HVDC system due to the full controllability of its power electronic devices.

Conventional control strategies, which is based on classic linear control theo-
ry, maintain the expected performance for a wide range of operation points with
complicated tuning processes and are hardly able to guarantee the global stability in
nonlinear systems with ease. The objective of the research work presented in this
thesis is to improve the VSC-HVDC system dynamic performance via modifying
the controller with advanced control strategy.

Multiple advanced control strategies have been proposed for the control of VSC-
HVDC system based on Lyapunov theory because of the high nonlinearity and
strong coupling between each state in VSCs. Current tracking problem in the mod-
ular multi-level converter (MMC) low-level controller cost huge control energy due
to its high-resolution time-varying reference signal. Passivity based control (PBC)
is proposed and applied for improving the system damping and saving control en-
ergy cost as the beneficial system nonlinearities are remained instead of being fully
cancelled.

Since that the two terminal point-to-point VSC-HVDC system is complicated
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nonlinear system and involving with excessive system uncertainties and various un-
expected external disturbance, the robustness against these effects ie required to
be enhanced. Sliding mode state and perturbation observer (SMSPO) is develope-
d as one robust extended state observer (ESO) to estimate the combinatorial effect
of nonlinearities, parameter uncertainties, internal unmodelled dynamics and time-
varying external disturbances in VSC-HVDC systems. Perturbation observer based
sliding mode controller (POSMC) is proposed based on robust sliding mode control
theory with adopting SMSPO for enhancing the whole system robustness against
comprehensively.

Fault ride-through (FRT) capability of VSC-HVDC system with offshore wind
farm integration is inspired by strict grid code requirements. FRT capability of type
2 generating plants like offshore wind turbines is considered and investigated with
corresponding VSC-HVDC transmission system. Nonlinear adaptive control(NAC)
is proposed as one of the novel nonlinear adaptive control strategies and combined
de-loading strategy which is designed and proposed for suppressing the surge effects
during the FRT process especially. Hence the FRT performance of the whole system
is well improved and the corresponding FRT capability is enhanced.

VSC based multi-terminal HVDC (VSC-MTDC) systems with wind farm inte-
gration garnered massive attention these years for that several practical projects have
put into service. Perturbation observer based robust passivity based control (POR-
PC) is proposed based on PBC which is enhanced by adopting high-gain state and
perturbation observer (HGSPO) for being more applicable in complicated systems
like VSC-MTDC system with wind farm integration without requiring the accurate
system model and providing extra excellent robustness against system uncertainties.
PORPC is applied to VSC-MTDC system and combined with the essential droop
control strategy in order to appropriate load sharing. The combinatorial effect of
interaction between different terminals, unmodelled dynamics and unknown time-
varying external disturbances are aggregated into a perturbation, which is estimated
online by an HGSPO and can be represented as a chained-integrator system associ-

ated with matched nonlinearities and disturbances.
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Chapter 1

Introduction

1.1 Background

1.1.1 VSC-HVDC systems

The fundamental changes in the generation of electrical power within recent
decades raised the need of smarter and more flexible power grids for modern elec-
trical power industry [1]. High voltage direct current (HVDC) technology has been
regarded as an ideal supplement to existing AC power grids. DC is the form that as
opposed to AC which enables electrons flowing through the circuit in one direction
only. As a result, it does not generate reactive power. The first use of electric power
transmission was in DC form in late 19th century. However, HVDC transmission
did not make a modest beginning until 1954 [2]. The AC electrical power system has
been the domination since the advent of the transformers and induction machines in
around 1890. At that time, Teslas invention of the induction machine and advances
in transformers meant that AC at the time offered too many advantages as shown

below [2].

e In the 19th century, only transformers allowed efficient conversion between
voltages. This permitted generation and load at low voltage, but transforma-
tion to high voltage for efficient long-distance transmission. This situation
remained largely unchanged until that mercury arc based converters became

sufficiently advanced in the 1950s.
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e AC currents are easier to interrupt since they fall to zero twice per electrical
cycle. A circuit breaker can therefore switch off at zero, or nearly zero, current

making them cheaper and more compact.

e DC machines require brushes; induction machines do not. Induction machines

have gone on to become the dominant electrical load.

Nevertheless, the acceptance and dominance of AC systems still can not eclipse
the distinct advantages of DC systems. For power transmission systems via over-
head lines, they have primarily inductive characteristics. For the overhead line
which is longer than 200 km, voltage drop and phase shift due to the inductance need
to be overcome [3]. Flexible alternating current transmission systems (FACTS) are
installed for solving this problem. HVDC transmission system is more economical
because there is completely no line capacity wasted on transmitting reactive power
and then no requirement on periodic reactive power compensation. Meanwhile, the
losses of a DC line are smaller than the losses of an AC line due to high voltages
and thus lower currents. For environmental consideration, a single HVDC line with
two conductor bundles certainly has less environmental impact than a double circuit
HVAC line with six conductor bundles since one bipolar HVDC overhead line has
the same capability as a double circuit AC line [3]. Therefore, the same power can
be transmitted over fewer transmission lines than would be required using AC, so
less land is needed to accommodate the lines. HVDC technology induces minimal
magnetic fields, so the power lines may be safely built closer to human habitation.
Hence HVDC technology is capable of transmitting more power for a given trans-
mission corridor size than conventional HVAC system. Where space is constrained,
this may mean that, in future, HVAC lines may be replaced by HVDC. This has
been the case in Germany for the Ultranet project [4]. Other examples for this type
of HVDC connection are DC links directly into the downtown area of large cities
like New York (Hudson Project) and San Francisco (Transbay Cable) [2].

For transmitting electrical power via submarine cables or underground cables
which have primarily capacitive characteristics, HVDC technology is technically
and economically feasible. Since a conventional AC transmission system generates

more reactive power than it consumes with the cable length increasing, it requires

Yiyan Sang



1.1 Background 3

a corresponding reactive current to charge and discharge the cable as the grid volt-
age polarity changes. Both active and reactive current take the thermal capacity of
the cable. Due to the extremely high reactive power exchange, AC cable transmis-
sion links have a maximum practical length of 100 km. Because the DC link does
not generate reactive power as mentioned above, there is no technical limits to the
potential length on HVDC cable which cause HVDC technology the only viable
technical transmission alternative for distant cable links.

Besides, being built in point-to-point schemes for electric power transmission,
HVDC systems are also being built in back-to-back scheme for interconnection of
power systems. HVDC systems have already been widely applied to connecting
unsynchronized AC networks or AC networks of different frequencies like 50 Hz
and 60 Hz in Japan and South-America. HVDC technology is attracted for acting
as frequency and phase conversion in Europe such as HVDC connections between
the United Kingdom and Continental Europe, where two systems operate at 50-Hz
nominal frequency but are not synchronized. HVDC systems can also provide a fire-
wall to prevent disturbances propagating from one network to another and thus they
are installed for the place that needs to be connected without increasing AC fault
level. This was one of the reasons of installing ABB Mackinac converter project in
Michigan [5].

During the time between 1890s to 1930s when AC form has already dominated
the electrical power system, HVDC systems were still used in a number of instal-
lations of connecting two AC networks which were unsynchronized or owing dif-
ferent frequencies. These HVDC systems used the Thury systems where voltage
conversion was accomplished by back-to-back motor-generator sets. However, the
rotating machinery required high maintenance and had high energy loss. Various
electromechanical devices were tested during the first half of the 20th century with
little commercial success. The Moutiers-Lyons line was the most powerful system
which running from 1906 to 1936 in France, over at a distance of 200 km at 75 kV
with a current of 150 A (or about 22 MW) [2]. By the 1930s, the concept of recti-
fication with a mercury arc, demonstrated in 1902 by Peter Hewitt , had reached a

level of development and be used with moderate power AC to DC to AC conversion

Yiyan Sang



1.1 Background 4

systems. Then in the 1930s and 1940s, Uno Lamm and his team at ASEA (now part
of ABB) improved the mercury arc rectifiers capability and built the first modern
commercial HVDC system, the 20-MW, 98-km, 100-kV system linking the island
of Gotland and the Swedish mainland. From the early 1970s onwards, mercury arc
rectifiers started to be replaced by thyristor valves, which had matured as a technol-
ogy from their introduction in the 1950s [2]. As solid-state devices, they did not
suffer the material deposition problems that mercury arc devices did, which limit-
ed mercury arc device voltage, and required considerable maintenance. Thyristors
which unlike mercury arc converters also do not suffer from operational problems
such as arc-backs. Both mercury arc rectifiers and thyristors can delay turn-on of
their valves but actually require the assistance of the AC grid to commutate (switch)
from one valve to another. Since they are line-commutated converters (LCCs), this
places minimum strength requirements on the AC grid to which they are connected.
Their operation can be considered to be a DC source, switched between AC phases
by the combined action of the AC grid and thyristor control, hence also the name
current source converters (CSC). Insulated gate bipolar transistors (IGBTs), and oth-
er self-commutating high-voltage high-current semiconductor switches, have led to
the rise of voltage-source converter (VSC) HVDC technology. VSC-HVDC tech-
nology which is known as HVDC Light (ABB), HVDC Plus (Siemens) and HVDC
Flexible (China) is utilizing state-of-the-art power electronics device which can be
fully controlled, unlike LCC-HVDC which is known as HVDC Classic. The VSC-
HVDC technology is experiencing rapid development. According to an industry
report in 2015 [6], the market has already been split roughly equally between CSC
and VSC. Conventional CSC-HVDC transmission using line-commutated thyristor
valves has higher power rating and is capable of very high transmission voltage. The
principal development of LCC over the last two decades has been in the increase of
operational voltage and power [2]. It is also characterized by higher transmission
efficiency. Due to the low degree of controllability, lack of black start capability and
reactive power consumption in converter, however, weak networks cannot be con-
nected to this system. Extra AC series capacitors have been proposed to help CSC-

HVDC operate with weak systems (the so-called capacitor-commutated converters)
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1.1 Background 5

and have been used in two back-to-back projects (Garabi in Brazil-Argentina, 2002,
2000 MW =+ 70 kV and Rapid City, 2003, 200 MW, + 13 kV) [2]. VSC-HVDC
transmission, on the other hand, is available only for lower transmission voltage
levels and power ratings. It is more expensive and has higher losses, which are
related to the switching behavior and frequency of the self-commutated devices.
However, VSC-HVDC owns the characteristics that make it very suitable for the
connection of large offshore wind farms, such as fast control of active and reactive
power independently from one another, capability to support the system in major
contingencies, black start capability, possibility of connection to weak or even pas-
sive networks, capability to reverse the power flow direction almost instantaneous-
ly, etc. Additionally, new soft-switching methods and higher level topologies for
VSC-HVDC can significantly reduce the converter losses and make this kind of
transmission more economical and reliable [53]. VSC-HVDC can provide a variety
of power quality support functions which meet the crucial demand of the modern
electric power system especially with integration of variable renewable generation.
Reactive power support, AC voltage control, and black-start functionality are pro-
vided in ABBs Mackinac project [5]. Other functions are also provided like fire-
walling one AC system so that disturbances will not spread to an adjacent system;
providing frequency stabilizing functions and artificial fast frequency response (also
called artificial inertia, as implemented in the Caprivi Link project); providing pow-
er oscillation damping (such as implemented in the Pacific DC Intertie, INELFE,
BritNed, ATCO, WATL projects) [7]. Integrated and reliable transmission network-
s are the crucial prerequisite for developing integrated energy markets, enhancing
the security of power supply, enabling the integration of renewable energy sources,
and increasing energy efficiency. VSC-HVDC technology has been selected for a
number of transmission projects which aimed at interconnecting European energy
markets by means of undergrounding, integrating remote renewable energy sources
such as offshore wind farms which strives to further decarbonize our environment.
As mentioned above a number of advantageous integration and control features are
provided with VSC-HVDC systems, the stabilized grid can be achieved with large

shares of volatile generation in the power networks.
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VSC-HVDC technology provides additional controllability to network operators
to support efficient management on facilitate energy sharing and trading by inter-
connecting energy markets. Integration of the highly flexible VSC-HVDC directly
as part of the smart grid architecture especially in unbundled markets with a high
penetration of renewable sources enable operators to value new ancillary services
to manage variability in power flows. As current and voltage capabilities of VSCs
have increased significantly during recent years, additional functionality could be
carefully coordinated for electric power markets to match the converters real power
import and export capability.

HVDC technology is an effective and economic solution to a number of prob-
lems in existing power network which is verified by many years of successful op-
erational experience of HVDC projects. Both LCC and VSC HVDC technologies
are still developing rapidly, and corresponding improved solutions are being pro-
posed by a number of manufacturers for their promising prospects. Therefore, VSC-
HVDC system provides highly flexibility in modern power systems and undergo

with rapid development in the forthcoming future.

1.1.2 HVDC converters

HVDC technology is in the stage of rapid development, great progress has been
made especially in the HVDC converters over the last two decades. LCC is still
being widely used for its high power capability as shown in Fig. 1.1 for comparison
with VSC.

Nowadays, the demand for electricity in load centers is increasing, but the bulk
of the energy resources built for satisfying rising demand are located remote from
the load centers. The principal development of LCC has been in the increases of the
operational voltage and power to provide enhanced performance for point-to-point
bulk power transmission solution.

Although previous projects have used + 600 kV (Itaipul and 2, each 3150 MW),
most projects among them in previous decades had limited themselves to + 500 kV
(e.g., Three-Gorges and Gui-Guang in China or the East-South Interconnector in In-

dia in the first decade of the 21st century). In 2010, a new upper voltage level of 800
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Figure 1.1: Progression of voltage and power ratings for LCC and VSC HVDC [2].

kV was set with the Siemens Yunnan-Guangdong 1418-km, 5000-MW project and
the ABB Xianjiaba-Shanghai SGCC Project, China 1980-km, 6400-MW project.
The inauguration of the Hami-Zhengzhou HVDC line raised this to 8000 MW at £+
800 kV over 2210 km. This step in voltage was economical for the increased power
requirement (5000 MW or more) and distance covered (more than 1000- 2500 km)
[2].

At the meantime, there is vast technology evolution in VSC-HVDC systems over
last two decades besides significant increase on current and voltage capabilities of
VSCs. VSC-HVDC technology was emerged by the advent of self-commutating
power semiconductor in the 1990s which terminated the domination of CSC which
makes the use of naturally commutated devices in HVDC application [8].

The full controllability and switching symmetry through both turn-on and turn-
off operation of self-commutating semiconductor switches like IGBTs allows the
device to regulate power flow extremely rapidly comparing with classic technology.
The utilization of solid-state devices virtually eliminates the risk of commutation
failure. In addition, VSC technology has the ability to absorb and generate active
and reactive power which also are controlled independently of one another. This
eliminates the demands for extra expensive reactive power compensators which has
been used extensively within classic HVDC projects. Besides, there is no require-
ment for regulation of the short-circuit level since that the commutation process is

operated without an AC system voltage source. Furthermore, the size and capac-
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ity of corresponding filters can be effectively reduced since that the generation of
harmonics is effectively reduced. The blackstart support can also be offered with
applying VSCs which restoring power without the help of an external power source.
This is especially advantageous ability in a wide area power outage and helps the
progressive resurrection of the whole power grid [1].

The ratings and applications have progressed rapidly. The first commercial
VSC-HVDC was built in 1997 at Gotland (50 MW, £80 kV, 70 km). The power
has risen to 2000 MW (INELFE project between France and Spain) and a voltage
of 500 kV (Skagerrak 4 project between Norway and Denmark) [2] during previous
two decades. Many decisions of the early installations of VSC-HVDC were influ-
enced by the desire to minimize the environmental impact and the need to manage
and minimize potential power quality issues on the AC side. Low-profile stations,
fed by cables, with self-commutating VSC, producing low amounts of low frequen-
cy harmonics were a clear advantage in 1990s for VSC-HVDC technology.

The first VSC-HVDC offshore converter station was installed in 2005 for con-
necting the Troll A oil platform (44 MW, £ 60-kV DC, 70 km). The original moti-
vations for adopting VSC-HVDC technology were its significantly smaller footprint
than LCC which is ideally suited for offshore applications and the fully controlla-
bility of the converter also makes it highly suited to weaker grids [2]. Following
on from the success of the Troll offshore platform, the utility TenneT and the Ger-
man government have pioneered the development offshore connection of offshore
wind farms through VSC-HVDC transmissions . The Energiewende which is the
planned energy transition in Germany provided a stable investment climate for re-
newable sources and corresponding power networks. Aa a result, over 4 GW of
VSC-HVDC transmission has been installed to allow offshore renewable energy to
be fed to mainland Germany.

The installations of five offshore VSC-HVDC connections in 2015 shown in
Table 1.1 displayed that the VSC-HVDC is now a well-proven solution for offshore

wind farms.
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Table 1.1: Five offshore VSC-HVDC projects in 2015 and their basic parameters
(2]

. Year of . Length of .
Project Name Power Rating AC Voltage DC Voltage Supplier
Commission DC Cables
155 kV- 125 km
BorWin2, BorWin Beta Submarine cables
2015 800 MW +300kV SIEMENS
Germany platform 75 km
380k V-Diele Underground cables
155 kV- 75 km
DolWinl, DolWin Alpha Submarine cables
2015 800 MW +320kV ABB
Germany platform 90 km
380kV-Déorpen-West Underground cables
155 kV- 85 km
HelWinl, HelWin Alpha Submarine cables
2015 576 MW + 250 kV SIEMENS
Germany platform 45 km
380k V-Biittel Underground cables
155 kV- 85 km
HelWin2, HelWin Beta Submarine cables
2015 690 MW +320kV SIEMENS
Germany platform 45 km
380k V-Biittel Underground cables
155 kV- 159 km
SylWinl, SylWin Alpha Submarine cables
2015 864 MW +320kV SIEMENS
Germany platform 45 km
380k V-Biittel Underground cables

In a classic HVDC multi-terminal system, reversing the power flow direction on
a certain branch requires the power flow direction reversal on the other branches
including the reversal of polarity of the converters. The complexity is that this intro-
duces into multiterminal operation has limited the widespread use of multi-terminal
systems (MTDC) [9]. This is the reason that why the HVDC with LCC has largely
been selected as a point-to-point solution but have been few applied multiterminal
installations [2]. Only two multiterminal schemes are carried out before 2015, with
a tapping connection on the DC system. The notable projects are the links from
Hydro-Quebec to New England (1990) and the connection between Italy, Corsica,
and Sardinia (1989), which are in operation, both with three terminals. After more
than 20 years, a new multi-terminal LCC-HVDC system called NEA (800 kV, 6000
MW, 1728 km) between Biswanath-Alipurduar-Agra, is under construction in India
and was expected to be fully commissioned by 2016. However, in 2015, only one

pole was in operation. The system comprises four terminals located at three con-
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(a)

G} VSCHVDC converter =0+ HVDC breaker

Figure 1.2: VSC-HVDC configurations: (a) point-to-point HVDC; (b) MTDC based
on point-to-point links; (c) radial MTDC grid; (d) meshed MTDC grid; [9].

verter stations with a 33% continuous overload rating which is designed to supply
hydropower from the Northeast India [9].

Various configurations of HVDC systems are illustrated in Fig. 1.2. Most of the
HVDC systems in operation, either CSC- or VSC-based technology, are of point-to-
point type (Figure 1.2a). Theoretically, the AC nodes can be connected by several
point-to-point links in a so-called multiple-pair configuration(Figure 1.2b). Howev-
er, for technical and economic reasons, it is more effective to connect the lines on
the DC side, forming an HVDC network (Figures 1.2c and 1.2d). The advantage is
the reduced number of converters which results in reduced costs and power losses.

The VSC-HVDC technology is totally flexible when developing HVDC net-
works. Each VSC station can send/receive power or reverse the power flow direc-
tion while providing similar control only at the station involved during the transac-
tion. With VSC technology, power reversal is achieved by reversing the direction
of current flow while does not require any change to the polarity of the converter
terminals. This opens up the possibility of designing multi-terminal systems and
hence full meshed DC grids [9]

The first VSC HVDC multi-terminal network systems are the Chinese Nanao
Island (2013) and Zhoushan (2014) VSC-HVDC systems. Nanao Island is a + 160-
kV three-terminal (200, 150, and 50 MW) collaboration between Rongxin Power
Electronic, NR-Electric, and XiDian [35]. Zhoushan is a five-terminal (400, 300,
and three times 100 MW) 200-kV system built by C-EPRI and NR Electric [2]. But

both systems are radial networks.
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Figure 1.3: Losses for HVDC Light have decreased for each generation [10].

Initially, the prevailing VSC topology was the two-level converter and it is still
the preferred solution for nowadays low-voltage applications. The two-level con-
verter switches rapidly between the voltages at the upper and lower DC supply
which uses pulse-width modulation (PWM). Only higher order switching harmonics
need to be filtered, leaving a sinusoidal fundamental voltage at the point of connec-
tion, and drastically reducing the AC filter compared with LCC-HVDC. However,
the losses is relatively high compared with classic HVDC shown in Fig. 1.3.

As shown in Fig. 1.3, the development of HVDC Light converter technology
which was proposed by ABB has been going over 4 generations which also can be
regarded as evolution of VSC-HVDC technology shown in Table 1.2. Generation 1
was a straight forward two-level converter switching the full voltage in a PWM pat-
tern. Generation 2 was a three-level converter which used the neutral point clamped
(NPC) topology in order to reduce the losses. However, more IGBTs were required
and the cost was increased. Generation 3 was going back to a two-level converter
with reduced number of IGBTs, but the subsequent improvement of two-level con-
verter design and the use of optimum PWM (careful switching selection to reduce
harmonics and third harmonic injection to boost DC voltage utilization) to continue

reducing the losses [10]. The fourth generation of HVDC light converter is a Cas-
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caded Two- Level (CTL) converter obtained by connecting several smaller two-level
building blocks (cells) in series.

Instead, a transition to multilevel converter topologies offers better prospects for
providing cost-effective power conversion at higher voltages. These topologies do
not require direct series connection for increasing the operating voltage. Further-
more, the harmonic characteristics are well improved, so that the requirements on
voltage and current distortion can be met without excessive switching losses [8].

In 2010, Siemens proposed a modular multilevel converter (MMC) design based
on the work of Marquardt and named as HVDC Plus [2]. Then, the fourth genera-
tion of HVDC Light converter was proposed by ABB with CTL converter which is
another type of MMC.

Table 1.2 displays the evolution in converter technology used in a selection of
commercial projects: from two-level and three-level NPC towards multilevel con-

verters.

Table 1.2: Development of VSC-HVDC technology and related parameters [2]

. Year of . Lo Technology Name
Project Name Power Rating | Converter Losses | Switching Frequency Topology
Commission and Supplier
Gotland HVDC HVDC Light Gen. 1st
1997 50 MW 3% 1950 Hz 2-level
Light, Sweden ABB
3-level
HVDC Light Gen. 2nd
Eagle Pass, USA 2000 36 MW 2.2% 1500 Hz Diode
ABB
NPC
3-level
MurrayLink, HVDC Light Gen. 2nd
2002 220 MW 1.8% 1350 Hz Active
Australia ABB
NPC
Estlink,Estonia- HVDC Light Gen. 3rd
2006 350 MW 1.4% 1150 Hz 2-level
Finland ABB
Trans Bay Cable, HVDC Plus
2010 400 MW 1% <150 Hz MMC
USA SIEMENS
South West Link, HVDC MaxSine
2016 2 x 720 MW 1% <150 Hz MMC
Sweden GE / Alstom
DolWin2, HVDC Light Gen. 4th
2017 916 MW 1% =>150 Hz CTL
Germany ABB

1.1.3 Basic Concepts and Terminology Used in This Thesis

Definition of basic concepts and terminology used in this thesis
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Advanced control

In control theory, advanced control refers to a broad range of techniques and
technologies implemented within industrial process control systems. Advanced con-
trol methods are usually deployed optionally and in addition to basic process con-
trols. Basic controls are designed and built with the process itself, to facilitate basic
operation, control and automation requirements. Advanced controls are typically
added subsequently, often over the course of many years, to address particular per-
formance or economic improvement opportunities in the process [11].
Robust control

In control theory, robust control is an approach to controller design that explicitly
deals with uncertainty. Robust control methods are designed to function properly
provided that uncertain parameters or disturbances are found within some (typically
compact) set. Robust methods aim to achieve robust performance and/or stability in
the presence of bounded modelling errors[12].
Stability

In mathematics, stability theory addresses the stability of solutions of differen-
tial equations and of trajectories of dynamical systems under small perturbations of
initial conditions. In dynamical systems, an orbit is called Lyapunov stable if the
forward orbit of any point is in a small enough neighborhood or it stays in a small
(but perhaps, larger) neighborhood. Various criteria have been developed to prove
stability or instability of an orbit. Under favorable circumstances, the question may
be reduced to a well-studied problem involving eigenvalues of matrices. A more
general method involves Lyapunov functions. In practice, any one of a number of
different stability criteria are applied [11].
Disturbance

In electrical power engineering, a disturbance is a temporary change in environ-
mental conditions that causes a pronounced change in a power system like power
outage.
Uncertainty

Uncertainty refers to epistemic situations involving imperfect or unknown infor-

mation. It applies to predictions of future events, to physical measurements that are
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already made, or to the unknown. Uncertainty arises in partially observable and/or
stochastic condition in system. In the power system uncertainty especially refers to

cable/line parameter uncertainty.

1.2 Literature review

1.2.1 Control Methods of MMC in VSC-HVDC Transmission

Systems

For the requirements of stable operation of MMC in VSC-HVDC transmission
system, multiple control objectives are required to be achieved simultaneously like
output current regulation, submodule (SM) capacitor voltage control, and circulating
ripple currents suppression [13].

Existing cascaded control strategies with multi-loop for MMCs are built to achieve
those control objectives with relatively complex controllers, and controller param-
eter tuning is difficult for such highly nonlinear systems with highly coupled states
due to the complexity of MMC internal dynamics [14].

Most commonly adopted control scheme in cascaded manner is first introduced
by [15]. This control concept employs multiple control loops with conventional
proportional-integral (PI) loops combined with a phase-shifted pulse width modula-
tion (PSPWM) scheme to regulate the MMC output and internal dynamics. Howev-
er, the ripples in the differential current, which are undesired and reduce the convert-
er efficiency, can not be suppressed effectively by this approach. Various differen-
tial current control strategies [16, 17, 18] were proposed for second-order harmonic
suppression. Multiple resonant controllers are proposed for dealing with harmonics
under both symmetric and unbalanced load conditions [19, 20]. Plug-in repetitive
controllers [21, 22] to eliminate multiple harmonics in the differential current of
MMC systems.

The aforementioned control strategies are all based on cascaded structures with

multiple linear PI or PR controllers. Although these controllers have been able to
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control the internal dynamics, the highly nonlinear dynamics with wide range of
operational points and strong coupling among its states necessitates more advanced
control strategies. Recently, various model predictive control (MPC)-based control
methods have been proposed and investigated, including direct and indirect model-
based predictive control [23, 24, 25, 26]. However, the computational burden of
digital controllers is highly related to the MMC model complexity and the number
of submodules in the system. Hence the implementation of MPC based methods
in real time is hindered by their substantial calculation requirements, especially in
applications where a large number of voltage levels are required.

Feedback linearization based control strategy offers a global control consistency
via full non-linearities compensation which is suitable for acquiring both excellent
control performance and system stability in MMC systems. Linear input-output be-
havior of MMC internal dynamics can be achieved by performing an inputCoutput
linearization, the order of the internal dynamics can be reduced compared to re-
garding currents or capacitor voltages as outputs [27]. And then improved feedback
linearization based control strategy is developed [13] The above-mentioned nonlin-
ear feedback designs neglect the consideration of the features of system that were
inherently imposed by the physical structure and energy-dissipative nature. From
the practical point of view, it is desired that one can take advantage of these intrin-
sic physical properties of the system dynamics in designing a proper controller for
the purpose of stabilization and command tracking. Passivity-based control (PBC)
provides a powerful tool to systematically analyse the essential physical property
of engineering problems. It normally treats a dynamical system as an energy trans-
mission device, while the controller is viewed as another energy exchanging device
which enables the overall energy of the controlled system to be desirably reshaped,
upon dynamical interconnection, such that a satisfactory closed loop system perfor-
mance could be realised. Hence PBC brings robustness to "energy-preserving’ (i.e.,
passive) unmodeled effects and enhanced system damping performance compared
with the previous model-based nonlinear controllers [28].

Test cases in [14] are adopted for dynamic performance comparison in simula-

tion section.
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1.2.2 Control Methods of the Typical Two-terminal VSC-HVDC

Systems

Traditionally, control of the VSC-HVDC system utilizes a nested-loop d-q vec-
tor control (VC) approach based on linear proportional-integral (PI) methods [29],
whose control performance may be degraded with the change of operation condi-
tions as its control parameters are tuned from one-point linearization model [30].
As VSC-HVDC systems are highly nonlinear resulting from converters and also
operate in power systems with modelling uncertainties, many advanced control ap-
proaches are developed to provide a consistent control performance under various
operation conditions, such as feedback linearization control (FLC) [31], linear ma-
trix inequality (LMI)-based robust control [32], adaptive backstepping control [33],
and power-synchronization control [34]. However, these methods are inadequate
to handle perturbations such as modelling uncertainties and time-varying external
disturbances.

Based on the variable structure control strategy, sliding-mode control (SMC) is
an effective and high-frequency switching control for nonlinear systems with mod-
elling uncertainties and time-varying external disturbances. The main idea of SMC
is to maintain the system sliding on a surface in the state space via an appropriate
switching logic, it features the simple implementation, disturbance rejection, fast
response and strong robustness [35]. While the malignant effect of chattering phe-
nomenon can be reduced by self-tuning sliding mode [36], SMC has been applied on
electrical vehicles [37], power converters [38], induction machines [39], wind tur-
bines [40], ect. Moreover, a feedback linearization sliding-mode control (FLSMC)
has been developed for the VSC-HVDC system to offer invariant stability to mod-
elling uncertainties by [41]. Basically, SMC assumes perturbations to be bounded
and the prior knowledge of these upper bounds is required. However, it may be
difficult or sometimes impossible to obtain these upper bounds, thus the supreme
upper bound is chosen to cover the whole range of perturbations. As a consequence,
SMC based on this knowledge becomes over-conservative which may cause a poor
tracking performance and undesirable control oscillations [42].

Test cases in [30] including active and reactive power tracking, AC bus fault,
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system parameter uncertainties and weak AC gird connection are adopted for dy-

namic performance comparison in simulation section.

1.2.3 FRT Capability Enhancement Strategies for VSC-HVDC
with Wind Farm Integrated

One inevitable challenge for VSC-HVDC transmission systems which applied
for integrating offshore wind farm is the fault ride-through (FRT) capability which
stipulated by grid codes [43]. FRT capability enables offshore wind farm to be
remained connected during abnormal onshore AC grid conditions like voltage devi-
ations [44]. Fig. 4.1 demonstrates an FRT time-voltage profiles set by the German
Transmission and Distribution Utility (E.ON) regulation [45]. The FRT require-
ment is a broad category covering zero voltage ride-through (ZVRT), low-voltage
ride-through (LVRT) and high-voltage ride-through (HVRT). The ZVRT and LVRT
are the main investigation objectives in the thesis. Fig. 4.2 demonstrates the reac-
tive current requirement for supporting grid voltage during grid failure according
to German grid code [46]. Although FRT attracted many research works, most of
them are mainly studying FRT capability of individual wind turbine and these pro-
posed works all caused considerable efforts in large-scale wind farm which formed
by huge amounts of wind turbine. Investigating FRT capability on VSC-HVDC
transmission system is regarded as a smarter way. There are two major types of ap-
proaches to enhance the FRT capability, one for control improvement and the other
one for hardware modification.

FRT capability can be enhanced by installing additional protection devices, such
as DC choppers with braking resistors [51], flywheel energy storage system [47] and
novel topology like nine switch converter [48]. Installing extra devices used for pro-
viding voltage compensation, energy consumption or storage are effective yet being
limited by the high cost and heat dissipation capacity. These methods also bring
the complicated control of energy storage circuits or novel converter. Another ef-
fective alternative putting forward to enhance the FRT of the HVDC is to modify

the control strategies applied on the converters. In [49], fuzzy logic controller for
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temporary blocking the VSC converter is proposed during AC grid fault. However,
even when the insulated gate bipolar transistors (IGBTs) in the sending-end VSC
are blocked, the reverse current flowing via antiparallel diodes will still cause the
power transmitting to the DC side [48]. Different control strategies are applied for
power reduction (de-loading strategies) to enhance the FRT performance but are de-
signed based on linear mode as mentioned in [50, 51, 52, 53]. However, existing
linear approaches can not provide consistently satisfactory performance since that
they are all tuned especially based on one operation point and the time-varying non-
linearities and uncertainties are not being fully compensated. Due to the poor off
standard operation point behavior characteristics during AC network faults, inrush
faulty grid-side current can not be limited rapidly and may cause converter compo-
nents damaged since that the power electronics in the converter are very sensitive
to transient current surges [54]. Feedback linearizing control (FLC) has been pro-
posed in [54] for solving the nonlinearity problem to improve the FRT performance
of individual wind turbine. However, the FLC requires the accurate system model
and hence FLC will degrade dramatically in the presence of parameter uncertain-
ties, and external disturbances which has adverse impacts on FRT performance. On
the other hand, most FLC based controllers require full state feedback and many
measured variables to calculate the nonlinear controller. Since co-operating with
de-loading strategy will introduce more parameter uncertainties and disturbances
caused by transients of slower mechanical response and can hardly provide real-
time full state feedback, FLC is not suitable to be applied to this application. To
improve these issues of the FLC, extended-order state and perturbation observer (E-
SPO) based nonlinear adaptive controller is proposed to use the estimate of pertur-
bation to compensate real perturbation and achieve the adaptive feedback linearizing
control. A perturbation estimation based nonlinear adaptive control (NAC) scheme
with proper de-loading strategy is developed for the FRT capability enhancement of
VSC-HVDC systems. The combinatorial effect of nonlinearities, system parameter
uncertainties and external disturbances is aggregated into a perturbation, which is
estimated by a high-gain perturbation observer (HGPO) [55, 56, 57]. NAC is pro-

posed to solve the nonlinearity problem and considered as the suitable method to
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enhance the FRT capability with de-loading strategy. NAC-based VSC-HVDC con-
verter controller only requires the measurement of active and reactive power and DC
voltage, thus it provides the merit of inherently easy implementation in real systems.

Test cases in [51] are adopted for dynamic performance comparison in simula-

tion section.

1.2.4 Coordinated Control Methods for VSC-MTDC with Wind

Farm Integrated

Furthermore, the above applications are merely applied to two-terminal VSC-
HVDC systems. In the multi-terminal VSC-HVDC (VSC-MTDC) system frame-
work, not only the DC voltage and power transmission stability need to be self-
controlled, but also an appropriate coordination among different terminals are need-
ed for DC link cable line protection. Thus far, several coordinated control schemes
have been developed for VSC-MTDC systems, such as adaptive droop control [58],
which can share the burden according to the available headroom of each convert-
er station. Meanwhile, an adaptive backstepping droop controller is proposed in
[59], which can adaptively tune the droop gains to enhance control performances of
traditional droop controllers by considering DC cable dynamics. Moreover, power-
dependent droop-based control strategy is proposed in [60] so as to offer enhanced
dynamic responses during AC/DC faults and large power scheduling changes.

The passivity-based control (PC) offers a power tool to exploit the physical prop-
erty of a given engineering problem, upon energy interconnection and assignment,
to achieve a satisfactory transient response with relatively fewer control efforts[61].
However, conventional PC [133] is highly sensitive to the uncertain system param-
eters and requires a detailed system model. To handle such issue, perturbation ob-
server (PO) [57] is employed to estimate system state and perturbation term for non-
linear system, which can be represented as a chained-integrator system and matched
nonlinearities and disturbances. Thus a perturbation observer based robust passivity-
based control (PORPC) scheme is proposed for an N-terminal VSC-MTDC system,

in which the combinatorial effect of interaction between different terminals, unmod-
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elled dynamics and unknown time-varying external disturbances is aggregated into
a perturbation, which is estimated online by a linear extended-state observer (ESO).
Moreover, PORPC does not require an accurate VSC-MTDC model and only the D-
C voltage, active and reactive power need to be measured. Furthermore, it provides
a faster transient response with fewer control efforts as passivation [133] is adopted
by the proposed approach to carefully reshape the system damping.

The DC link voltage droop controller with appropriate droop constant is required
to be designed according to three-terminals radial VSC-MTDC model with wind
farms and embedded into converter controller based on PORPC strategy of each ter-
minal, which is not considered in the perturbation observer based passive controller
design in [63]. This design can provide immediate corresponding response to the
gird unbalance situation. PORPC also modified the parameters of the perturbation
observer based passive control mentioned in [63] to improve corresponding robust-
ness against unpredictable rapid-varying power fluctuation, system disturbance via
considering wind turbine aerodynamics and weak grids characteristics which caused
by wind farm integrating. Test cases in [58] including power regulation, AC bus
fault, offshore wind farm integration, and weak power grids connection are adopted
for dynamic performance comparison in simulation section.

The main contributions are summarized as follows:

1.3 Objectives and Motivations

VSC-HVDC systems is valuable for its multiple applications and being effec-
tive and efficient solutions for challenges which are faced by modern power grids.
However, its valuable characterises can not be fulfilled to realize its originally de-
signed application purposes for many reasons. Besides limited by its high cost and
complexity, there is another serious obstacle due to the degraded control perfor-
mance from equipped conventional controller at different system layers under vary-
ing operating performance and unexpected perturbations. It is because the process

of power converting in VSC-HVDC system is highly-nonlinear and strong coupling
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between each states. Thus the objective of the research work presented in this thesis
is to improve the VSC-HVDC system dynamic performance and enable its functions
better fulfilled in their designed applications via purposing advanced controllers at
different layers of the VSC-HVDC system. Furthermore the conventional control
strategies in existing equipped controllers at different layers of VSC-HVDC system
are exposed the drawbacks that they lack the robustness against rapid time-varying
disturbance and parameter uncertainties. Advanced control strategies are developed

for solving the problems raised by the drawbacks of the existing controllers.

e The first objective of the research work presented in this thesis is evaluat-
ing the existing low-level controllers in MMC and propose the enhanced ad-
vanced controllers. PBC is developed and applied in chapter 2. In the VSC
lower-level controllers, current regulation and arm-balancing control need to
be investigated for they are essential to generate the gate switching signal-
s. Gate switching signal directly affects the VSC-HVDC system and even
the whole power systems. The wide application of MMC increased the com-
plexity of the VSC topology and raised the challenges for the corresponding
controller. Existing embedded low-level controller in converters can not meet
the requirements of staying stable when the operation point varying largely

due to fulfilling the flexibility of VSC-HVDC system in some applications.

e The second objective is comprehensively raising the robustness when operat-
ing point-to-point VSC-HVDC systems. The corresponding studying results
of the proposed POSMC are presented in Chapter 3. There are massive oper-
ation requirements on adjusting power flow in power grids of different areas
via VSC-HVDC system for realizing smarter grid. That exposes the chal-
lenges to providing satisfactory performance of power tracking, fault recov-
ery responses. The conventional higher-level converter control strategies do
not own enough robustness against time-varying modelling uncertainties and
unexpected external disturbance. The SMC method is regarded to be an effi-
cient method to possess strong robustness against system uncertainties. Con-

sidering uncertain system states and further enhance the system robustness
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against rapid varying unmodelled dynamics, POSMC which adopting SM-
SPOs for estimating uncertain system states and corresponding perturbations

is proposed.

e The third objective is to enhance the FRT capability of the offshore wind far-
m which connected via VSC-HVDC system. Advanced control strategy with
NAC is proposed and applied for FRT capability enhancement of the offshore
wind farm, which is presented in chapter 4. Due to the unique characteristics
of wind energy conversion systems, challenges are raised to control system in
VSC-HVDC system when being applied to connect the offshore wind farm.
One of the most important applications of VSC-HVDC system is renewable
energy generation integration, especially offshore wind farms. Unlike con-
ventional type 1 synchronous generator which directly connect to the grid, the
renewable energy generation systems which uses asynchronous generators or
frequency converters are referred to type 2 generating plants [46]. According
to related grid code, in the event of faults in the grid outside the protection
range of the generating plant, there must be no disconnection from the grid. A
short-circuit reactive current must be fed into the grid during the period of a
fault. VSC-HVDC system which owns fully-controllable devices when inte-
grating renewable energy generation system is capable of improving the FRT

capability of the latter.

e The fourth objective is better implementing the droop control strategy in VSC-
MTDC system and improve corresponding control performance. The PORPC
is proposed and being combined with the droop control strategy in chapter 5.
Besides two-terminal point-to-point VSC-HVDC system has significant high
application value, VSC-based MTDC system also has significant high appli-
cation potentialities in modern power systems like embedding DC grid into
current power system. Multiple practical applications have been implement-
ed. Renewable energy sources have already been combined in the finished
VSC-MTDC system projects. Coordinated control is essential to MTDC sys-

tem for transmission line protection. Droop control strategy is designed for
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appropriate load sharing which has been widely accepted and well proven.
The challenges raised for better combining the droop control strategy with
nonlinear advanced control theory which has already been applied for two-

terminal point-to-point VSC-HVDC system.

1.4 Main Contributions

The contribution of research work presented in this thesis can be grouped as
two parts: (a) Advanced control theory is developed and applied to build the ad-
vanced controllers for different layers in VSC-HVDC systems for ensuring global
stability. and (b) There exist necessary control strategies which generating essential
instructions for VSC-HVDC controllers in the large-scale power system. The ad-
vanced controller applied in VSC-HVDC system is modified for better realizing the
coordination control purposes in various application conditions. The global system
stability is also improved under different operating conditions. Main contributions

are summarized as follows:

e Passivity is investigated in MMC current controller and one passivity-based
control scheme is developed in chapter 2. For tracking the reference signals
in the MMC, the proposed PBC can help to save control efforts greatly while
ensuring the global stability of the whole system. The simulation results give
the numerical data to verify the effectiveness of the proposed controller under

testing dynamic-response with the steady-state and transient-state.

e One enhanced SMC is proposed and applied for two-terminal VSC-HVDC
systems, which can greatly comprehensively enhance the robustness against
variable disturbance occurring in the system. Modified SMO is adopted in the
proposed POSMC to achieve the improved robustness in VSC-HVDC system.
Simulation results of different cases like power tracking, LLLG faults, oscil-
lations in weak grids and systems with parameter uncertainties verify that
the proposed POSMC can provide excellent dynamic performance in VSC-
HVDC system in all operation conditions. HIL test is carried out to validate

the implementation feasibility of the proposed controller.
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e One NAC-based de-loading strategy is proposed to enhance the FRT capabil-
ity of VSC-HVDC system with offshore wind farm integration. During main
grid fault ride-through process, the peak converter currents and DC link volt-
age are effectively suppressed via applying proposed control strategy. Sim-
ulation results and corresponding analysis provide the proper strategy design
and effectiveness of the proposed FRT capability enhancement strategy. HIL
test is carried out to prove the consistency with the simulation results. Hence

the implementation feasibility of the proposed strategy is validated.

e PORPC is developed and designed with droop control strategy for the N-
terminal VSC-MTDC system with the wind farm integration considered, which
does not require an accurate system model thus a significant robustness a-
gainst system uncertainties can be provided. Global stability can be ensured
within a predetermined range of variation in system variables without further
tuning. PORPC is proposed which basing on PBC for its energy cost sav-
ing since the operation points of MTDC system which integrating renewable
energy source varies in relatively high frequency. Simulation results of differ-
ent cases like power regulation, LLLG faults, oscillations in weak grids and
output power variation in connected wind farm verify that the proposed POR-
PC can improve dynamic performance in VSC-MTDC system in all operation
conditions. HIL test is carried out to validate the implementation feasibility

of the proposed controller.

1.5 Publication List

The following publications linked to this thesis closely are listed as follows:

[1] Y.Y. Sang, B. Yang, W. Yao, and L. Jiang. “Design and implementation of
perturbation observer based robust passivity-based control for VSC-MTDC system-
s considering offshore wind power integration,” IET Generation, Transmission &

Distribution. vol. 12, no. 10, pp. 2415-2424, 2018.

[2]B. Yang, Y.Y. Sang, K. Shi, W. Yao, L. Jiang, and T. Yu, “Design and real-
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HVDC systems,” Control Engineering Practice, vol. 56, pp. 13-26, 2016.

[3] Y,Y. Sang, B. Yang, and L. Jiang, “Nonlinear adaptive control design for the
VSC-HVDC light transmission system,” UPEC 2015, Staffordshire, UK, Sep. 1-4,
2015.

[4] B. Yang, L. Jiang, C.K. Zhang, Y.Y. Sang, T. Yu, and Q.H. Wu, “Perturbation
observer-based adaptive passive control for nonlinear systems with uncertainties and

disturbances,” Transactions of the Institute of Measurement and Control. vol. 40,

no. 4, pp. 1223-1236, 2018.

1.6 Thesis Outline

In this thesis, as shown in Fig. 1.6, control methods for single VSC convert-
er in HVDC system are investigated and modified for dynamic performance im-
provement in Chapter 2. Then two-terminal point-to-point VSC-HVDC system are
investigated and corresponding controllers are modified for dynamic performance
improvement in Chapter 3. Offshore wind farm integration is considered into VSC-
HVDC system in Chapter 4, corresponding controllers are modified for fault ride-
though capability enhancement. VSC-MTDC with wind farm integration are in-
vestigated and corresponding controllers are modified for dynamic performance im-

provement in Chapter 5. This thesis is organized as follows:

Chapter 2: Passivity-based Current Control Design for MMC in HVDC
Systems via Energy Shaping The complexity of MMC internal dynamics raised
the severe situations for designing the corresponding controller. The existing cas-
caded control strategies based on classical linear control theory for MMCs achieve
control objectives via requiring relatively complex structure and the controller pa-
rameter design is normally difficult for such highly nonlinear systems with highly

coupled states. In view of this, advanced controllers are demanded in the regula-
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Figure 1.6: Configurations investigated in different chapters

tion tasks of MMC. Passivity is introduced in the MMC control system and PBC is
proposed in chapter 2. PBC can provide extra damping to help energy saving via u-
tilizing passivity in the system. A controllable decoupled form can be achieved after
passivation output calculation. Well-tuned controllers are employed to regulate the
output and inner differential currents of the MMC. Simulation results give the nu-
merical data that showing the significantly improved steady-state and transient-state

performances with greatly control costs saving.

Chapter 3: Perturbation Observer based Sliding Mode Control for Enhancing
Dynamic Responses of VSC-HVDC Systems This chapter proposed an extended
state observer based sliding-mode control scheme for VSC-HVDC systems. The
combinatorial effect of nonlinearities, parameter uncertainties, unmodelled dynam-
ics and time-varying external disturbances is aggregated into a perturbation, which
is estimated online by an ESO called SMSPO. It does not require an accurate system
model and only one state measurement is needed. As the upper bound of perturba-
tion is replaced by the smaller bound of its estimation error, an over-conservative
control input is avoided such that the tracking accuracy can be improved. Four case

studies are carried out on the VSC-HVDC system, such as active and reactive pow-
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er tracking, AC bus fault, system parameter uncertainties, and weak AC gird con-
nection. Simulation results verify its superiority over vector control and feedback
linearization sliding-mode control. Then a hardware-in-the-loop test is undertaken

to validate the implementation feasibility of the proposed approach.

Chapter 4: Nonlinear Adaptive Control for Fault Ride-Through Capability
Enhancement of VSC-HVDC Transmission Systems with Offshore Wind Farm
Integration

This chapter proposes a perturbation estimation based nonlinear adaptive con-
trol for VSC-HVDC power transmission systems which are applied to interconnect
offshore large-scaled wind farms to onshore main grid in order to enhance the fault
ride-through (FRT) capability of Type-4 wind energy conversion systems (WECS).
VSC-HVDC power transmission system is regarded as the favourable solution for
interconnecting offshore wind farm. The rapid increasing adoption of this intercon-
nection approach in industrial projects inspires investigating on VSC-HVDC power
transmission system to improve the FRT capability of integrated WECS. Type-4
WECS is indicated that it will take over the wind energy market in coming years by
the wind turbine manufacturers for the enhanced performance brought by full-scale
(100%) power converters. To improve the FRT capability of offshore power plant,
de-loading strategy is investigated with novel advanced control of the VSC-HVDC
systems. The proposed NAC does not require the accurate model and full state
measurements since combinatorial effect of nonlinearities, system parameter uncer-
tainties and external disturbances are aggregated into a perturbation term, which is
estimated online by a high-gain perturbation observer and being fully compensat-
ed. As proposed NAC is adaptive to system model uncertainties (e.g., mismatched
output impedance of the converters and the line impedance of transmission line),
time-varying disturbance (e.g., AC grid voltage sags and line to ground faults) and
unknown time-varying nonlinearities of power electronic system (e.g., unmodelled
dynamics existed in valves and VSC phase-locked loop system), a significant ro-
bustness can be provided with de-loading strategy to enhance the FRT capability.

Simulation results show that the proposed strategy can provide better dynamic per-
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formances in the cases of operation with a variety of reduced voltage levels and
better robustness against model uncertainties and mismatched system parameters

comparing with conventional vector control.

Chapter 5: Perturbation Observer based Robust Passivity-based Control
for VSC-MTDC Systems

With the increasing penetration of renewable energy sources especially wind
power, VSC-MTDC systems are starting to be commissioned. However, concentrat-
ed integration of large scale wind power demands stronger robustness against power
fluctuation and system disturbances to increase the reliability of the whole system.
This chapter proposes a perturbation observer based robust passivity-based control
for VSC-MTDC systems connected to an offshore wind farm to meet the demands.
The aggregated effect of system nonlinearities, parameter uncertainties, unmodelled
dynamics and external disturbances includes grid faults and time-varying wind pow-
er output is estimated by a linear perturbation observer and fully compensated by a
passive controller, thus no accurate VSC-MTDC system model is required. The
proposed scheme attempts to regulate DC voltage and reactive power at the rectifier
side, as well as active power and reactive power at the inverters side connected to an
offshore wind farm. Besides, a DC link voltage droop controller is introduced so as
to provide immediate load sharing arrangement which responses to the grid unbal-
ance situation. Moreover, a noticeable robustness against parameter uncertainties
can be achieved as no accurate system model is needed. Case studies are carried
out to compare the performance of PORPC to other typical approaches. Lastly, a
hardware-in-the-loop (HIL) test is undertaken via dSPACE simulators which vali-

dates its implementation feasibility.

Chapter 6: Conclusions and Future Works
This thesis is concluded with a summary of the obtained results and perspectives
for future work. Future works presented in this chapter are focused on unsolved

problems that remain in this thesis.
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Chapter 2

Passivity-based Current Control
Design for MMC in HVDC Systems
via Energy Shaping

2.1 Introduction

MMC is regarded as the most promising converter topology for VSC-HVDC
systems because of its high efficiency, modular design, easily scalable in terms of
voltage and power, low distortion of output voltage and minimized filter design
[64, 65, 66]. However, the design complexity of MMC systems has been expanded
from the relatively simple topological configuration to the overall control strategy,
which attracts considerable research interests in recent years [13]. Several control
strategies based on classical linear control theory, e.g. proportional-integral (PI)
and proportional-resonant (PR) controllers, have been proposed for MMC systems.
However, more advanced control strategies are required due to the highly nonlinear
dynamics of the MMC with a wide range of operational points and strong coupling
among its states. Recently, various model predictive control (MPC)-based control
methods have been proposed and investigated, including direct and indirect model-
based predictive control [23, 24, 25, 26]. However, the computational burden of
digital controllers is highly related to the MMC model complexity and the number
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of submodules in the system. Hence the implementation of MPC based methods
in real time are hindered by their substantial calculation requirements, especially in
applications where a large number of voltage levels are required.

Feedback linearization based control strategy offers a global control consistency
via full non-linearities compensation which is suitable for acquiring both excellent
control performance and system stability in MMC systems, Linear inputCoutput be-
havior of MMC internal dynamics can be achieved by performing an inputCoutput
linearization, the order of the internal dynamics can be reduced compared to re-
garding currents or capacitor voltages as outputs [27]. And then improved feedback
linearization based control strategy is developed [13] The above-mentioned nonlin-
ear feedback designs neglect the consideration of the features of system that were
inherently imposed by the physical structure and energy-dissipative nature. From
the practical point of view, it is desired that one can take advantage of these intrin-
sic physical properties of the system dynamics in designing a proper controller for
the purpose of stabilization and command tracking. Passivity-based control (PBC)
provides a powerful tool to systematically analyse the essential physical property
of engineering problems. It normally treats a dynamical system as an energy trans-
mission device, while the controller is viewed as another energy exchanging device
which enables the overall energy of the controlled system to be desirably reshaped,
upon dynamical interconnection, such that a satisfactory closed loop system perfor-
mance could be realised. Hence PBC brings robustness to "energy-preserving’ (i.e.,
passive) unmodeled effects and enhanced system damping performance compared
with the previous model-based nonlinear controllers [28].

This chapter proposed a passivity-based controller which has already success-
fully implemented in various industrial applications like induction motors [67],
robot arms [28] and low-voltage/medium-voltage DC-to-DC converters [68, 69].
In the full operation range of the MMC, especially during large operation point
step changes with balanced submodule capacitor voltage, the proposed passivity-
based controller, compared to the other controllers provides a faster dynamic re-
sponse and comparable steady state performance for MMC operation at rating since

it can provide globally consistent control performance and extra damping effect-
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s via passivation. Fast dynamic response is an important requirement for flexible
application of MMC-based VSC-HVDC systems like renewable energy sources in-
tegration. Fast dynamic response is also required to guarantee stable operation of
MMC-based VSC-HVDC systems in power system especially under fault condi-
tions. Simulation studies in the Simulink software environment are carried out to
validate the performance and effectiveness of the proposed control method in the
MMC-based VSC-HVDC system.

2.2 State Functional Model of the MMC

The typical MMC-based VSC system shown in Fig.2.1 is adopted to demonstrate
the proposed passivity-based current control strategy.

The MMC is comprised of N SMs per arm and it may include M redundant SMs
per arm submodules connected in series in the upper and lower arms in one phase
respectively. In practical application, there is normally using 10% redundant SMs
for reliability improvement [70] but in this chapter M = 0. Each arm is equipped
with an arm inductor L, to limit the arm currents in the events such as dc-link
short circuit. An equivalent resistor R, is employed in each arm to represent the
losses on the semiconductors, equivalent series resistance in C'syy and Ly, etc.

Assuming the submodule capacitor voltages in one arm are perfectly balanced,
the average capacitor voltages in the upper and lower arms can be denoted as ucy
and uc) respectively. According to the average model of the MMC, the voltages and

currents in the upper and lower arms can be expressed as follows:

uy = N uu[l_% — Ugige]
T 2.2.1)
ur = NUI[T — Ugig]
by = lar + % (222)
i = i — 2

where u; and uj;; are the normalized output and differential voltage reference sig-

nals. 7, is the output current of the MMC, and 4 is the inner differential current in
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Figure 2.1: (a)Three-phase MMC topology; (b) Half-bridge circuit for the ith SM.
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the phase leg. And the output voltage 1, of the MMC is expressed as:

di,
o = Uoad + Lo— 2.2.3
U Uload + 0t ( )

where w,;,,4 and L, are the equivalent voltage source of the load and the equivalent
inductor connected to the the middle points of the two arms of the MMC. The DC

voltage can be derived as follows:

diy
UDC = 2uu + 2Rarmiu + 2Larmd_ - 2uo
d@'t (2.2.4)
= 2u; + 2Rarmil + 2Larmd_; + 2u,

Substituting (2.2.2) and (2.2.3) into (2.2.4), following equations can be obtained.

dio — — Rarm o —Uu+u1—2Uj0ad

dt Lam~+2L, (2 2 5)
digitr . —2Ramigir—tu—w+Upc

dt 2Larm

According the equations mentioned above, 7, and g4 can be controlled by ad-
justing u; and u};. The submodule capacitors that are inserted into each arm will

be charged or discharged by the arm current and can be calculated as follows,

ducy G o _du (loue* %

dt — Csm Ny = CSM( ) udiff) (2.2.6)
ducy _ P n = 3l (1+uo* N u*‘ )

dt Csm 1 Csm 2 diff

where the n, and n; represent the number of submodule inserted in up and low arm
respectively and they are the actual control inputs for the MMC [13]. Hence the state
functions of the MMC system can be obtained and the state variables are chosen as
T = [io %4 Ucu Uci] . The inputs of the system are chosen as u = [u} uj]" and
the outputs of the system are chosen as y = [i, idiff]T State functions of the MMC

system can be derived as follows:

{ T = f(x) + go(x)u’ + gaiee(x) s (2.2.7)

y = h(z)
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where -
_ —2Ujoa U,
fla)=| S2e H= 0 0 _
—Rum 0 —-N N
Lurm+2Lo 2Larm+4Lo 2Larm+4Lo
O Rarm —-N —N
_"_ Larm 4Larm 4Larm
4 L 0 0
4Csm 2C0sm
-1 1 2.2.8
L 4CS_M QCSM O 0 | ( )
lo
Ldiff
X
UcCy
- UCI -
N(ucytuc)  N( )2"2"T
— UcuTUCI Ucy —UCl —2iff —% diff — %o
go($> - |: 2Larm‘f"“-—lo 4Larm 48:M IcffSM :| (2'2'9)
. ( ) — | N(ucu—ua) N(ucetuc)) —2igr—to —2ddirr+io : (2.2.10)
gdlff )= inrm+2Ln 4Larm 2C’SM 2CSM o
1 000
h(z) = T (2.2.11)
01 00
2.3 PBC Design for the MMC
2.3.1 Passivity-based Control with Energy-reshaping
Consider a normal system as follows
i = f(x,u) + Bu+ ((t) @30
Y= h(l’ ) u)

where the output x € R™ and control input d € R™, such that considering system
(2.3.1) is of the vector relative degree of one. f(x,u) € R™ is considered as being
nonlinear which consists of the structure with parameter uncertainties, () € R™

is the time-varying external disturbance. h(zx,y) is a known smooth function of
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dimension (n — m) x m. The unknown control gain B € R™*™ is written as

bu(z,y) - blm(xu y)
B= : : : (2.3.2)
bml (ZE, y) e bmm($a y)

The energy balance equations of the system can be considered as

T T
5,(T) — 94, (0) + / folw)dt = / fi(w)dt (233)

stored energy

dissipated supplied

where H,(t) is the stored energy function, and fy(z) and f(x) are a non-negative
functions that represent the energy dissipation, e.g., due to resistances or friction-
s, etc. System considered is defined to be output strictly passive if there exists a
continuously differentiable positive semi-definite function H,(T) called the storage

function) such that

dH,
uly > I + &y, V(z,u) € R" x R™ (2.3.4)

where £ > 0 . In order to obtain the asymptotic stability the following lemma is
needed. The system (2.3.1) is assumed and zero-state detectable and locally weak-
ly minimum-phase. Hence the origin of the uncontrolled system is asymptotically
stable with a positive definite storage function. Moreover, if the storage function
is radially unbounded then the origin is globally asymptotic stable [21]. If the sys-
tem is not strictly passive but there exists a positive definite storage function and
a feedback control law u = f(x) + v such that H < vy the feedback system is
passive. The process is called as feedback passivation and v = —¢(y) where ¢(y)
is sector-nonlinearity and it meets y¢(y) > 0 for y # 0, phi(0) = 0. Therefore
H < —yé(y) <0.

2.3.2 Proposed Passivity-based Current Control in MMC

For introducing the passivity into MMC control, the calculating passive output

y is necessary via defining the storage function H(x).

B [ x*TgO(J:)T
y =

f*TQdiff@)T

] fu(x) (2.3.5)
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Figure 2.2: Block diagram of the proposed control system for the MMC system.

where x* is the corresponding reference signals of the = and the f () is the derived

from f(x) which removing the effects of dissipation and supplies which can be

expressed as;

fu(r)

2L 0
0 fam g L
0 0
0 0

0 0
0 0

v
0 2w

lo
Ldiff
UCy

Uci

(2.3.6)

The proposed current controller for system using the passivation is designed as

u=u*— Ky — Kyz
e 2.3.7)
y==z
where
Uo ny, + nf
U= Ut = ! (2.3.8)
Udiff ny —ny

where K and K, are the feedback control gains which place the poles of the closed-

loop system in the left-half plane (LHP) and are tuned for system global stability for
— %_ — %*‘ei_“;ﬁr
Uc

all operation points. n;, where e is the internal
e.m.f. voltage of the MMC.

The whole proposed MMC current control system is illustrated as Fig.2.2
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2.4 Case Studies

The proposed PBC is applied on the MMC mentioned in Section 2.2. The con-
trol performance of proposed PBC strategy is evaluated under various operating
conditions in a wide neighbourhood of the initial operating points and compared to
that of conventional control and FLC used in [13]. The system parameters used in

the simulation are listed in Table 5.1.

Table 2.1: System parameters used in the MMC system.

Rated AC-bus frequency f 50 Hz

DC-bus voltage Vbeyae | 200kV

DC-bus capacitance Chc 4 mF

Output inductance Lo 0.7 mH
No. of SM in each arm N 3

Arm inductance Lam 5 mH

Arm resistance Ram 0.03 Q2

SM capacitance Csm 900 uF

The steady-state performance of the MMC regulated by the proposed PBC con-
trol is investigated. The amplitude of the output current is set as 9 A in the steady-
state performance. The steady-state performance of the MMC regulated by the pro-
posed PBC is illustrated in Fig. 2.3. It can be seen that the output currents are well
regulated with the help of the proposed nonlinear control method and the MMC
operates stably. From Fig. 2.4, the capacitor voltage is well stabilized.

For comparison, the tracking error of current waveforms of the MMC under the
conventional cascaded control strategy, FLC proposed in [13] and proposed PBC is
shown in Fig. 2.5. It is obviously that the FLC and PBC is able to achieve almost the
same excellent output current tracking accuracy (peak-to-peak tracking error is less

than 0.07 A) than that of the conventional control strategy due to nonlinearity con-
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Figure 2.3: Voltage and current waveforms of the MMC regulated under steady state
conditions.
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Figure 2.4: The average capacitor voltages in the upper and lower arms voltage
waveforms of the MMC regulated under steady state conditions.
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Figure 2.5: The waveform of tracking error of output current obtained from the
conventional control strategy, FLC proposed in [13] and proposed PBC.
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Figure 2.6: The waveform of output current obtained via applying the conventional
control strategy, FLC proposed in [13] and proposed PBC when reference signal
raised at 0.065s.

sideration. The high-frequency chatting error is easily introduced by conventional
control due high sampling frequency of the generated reference signals. For evaluat-
ing the dynamic response performance of the MMC, the amplitude of the reference
current signal is raised by 10% at 0.065s. The waveforms of the output current reg-
ulated by different control strategies is displayed in Fig. 2.6. It can be seen that the
dynamic responses obtained via different control strategies are almost similar. For
further evaluating the control performance of different control strategies with nu-
merical data, absolute error (IAE) index is introduced. Here IAE, = fOT |z — x*|dt
and ™ is the reference value of the variable x. The simulation time 7" = 0.2 s. The
results are presented in Table 2.2. Note that the proposed PBC can provide pretty ex-
cellent performance comparing with conventional control and FLC especially when
suppressing unwanted fluctuation in differential currents. The IAE of the proposed
PBC is only 26.1% and 32.4% of the conventional control and FLC.

The overall control efforts of different approaches can also be evaluated by IAE
index where IAE, = fOT |u|dt. In the investigated target, the action of a controller
can be understood in energy terms as another dynamical system typically imple-
mented in a computer-interconnected with the process to modify its behavior. The
control problem can then be recast as finding a dynamical system and an intercon-
nection pattern such that the overall energy function takes the desired form [71].
Control effort in the application of this chapter is the energy consumed during the

controller switching process. Numerical data is also provided in Table 2.2 Table
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Figure 2.7: The waveform of output current obtained via applying the conventional
control strategy, FLC proposed in [13] and proposed PBC when reference signal
raised at 0.02s.

2.3and verified that the proposed PBC can save the control efforts effectively com-
paring with FLC proposed in [13]. The largely efforts savings (91.9% and 83.0%)
comparing with FLC are benefiting from extra damping effects due to passivation in
proposed PBC instead of fully linearization in FLC.

For damping performance comparison of different controllers, the reference sig-
nal is set to rise from 5A to 10A in a relatively slow rate which beginning at 0.02s.
As shown in Fig. 2.7, the proposed control method can effectively suppress the
overshoots and reach the required value rapidly comparing with other controllers.
It is caused by its fully utilising the physical property and provide extra damping
effect via passivation.

Table 2.2: IAE index of different control schemes for evaluating steady-state
performance

Variable
Method IAE), IAE g, IAEy, | IAE

Conventional control | 0.3591 0.0078 0.460 0.3324

FLC in [13] 0.1052 | 0.006298 | 0.389 0.161

Proposed PBC 0.105 | 0.002039 | 0.03152 | 0.0273
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Table 2.3: IAE index of different control schemes for evaluating dynamic response
performance

Variable IAE;, IAE], . IAE,, | IAE,;;

Method

Conventional control | 0.4301 | 0.00971 0.4903 | 0.3782

FLC in [13] 0.1225 | 0.006786 | 0.4132 0.192

Proposed PBC 0.1203 | 0.002842 | 0.03635 | 0.0403

2.5 Conclusion

In this chapter, one PBC based control strategy has been proposed and applied
on an N-level MMC steady state model for regulating internal dynamics. MMC is
well-proven technology for VSC-HVDC application and owns highly nonlinearity
and strong coupling among its states. PBC based current control strategy provide
alternative for solving nonlinearity problem and decoupling the states of the system
besides FLLC proposed in [13]. The use of passivation in the controller can provide
extra damping effects comparing regulating under fully system linearization. The
proposed PBC also considers global stability and does not need further tuning when
operating point varying. The simulation results and corresponding analysis in the
steady state conditions verify the effectiveness of the proposed PBC. In comparison,
conventional control introduces high-frequency chatting phenomenon and caused
huge waste on control efforts due to incomplete nonlinearity compensation when
operating points keep varying rapidly especially applying high-sampling-resolution
reference signals. FLC still waste considerable proportion of control efforts for
regulation under fully linearization. The overall control efforts can be largely saved
via applying proposed PBC in MMC system.

As presented in this chapter, the PBC based control strategy is applied to the
MMC based voltage source converter, and corresponding dynamic performance has
been improved. In the next chapter, the control strategy of VSC based HVDC system
will be modified.
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Chapter 3

Perturbation Observer based Sliding
Mode Control for Enhancing
Dynamic Responses of VSC-HVDC

Systems

3.1 Introduction

Voltage source converter based high voltage direct current (VSC-HVDC) sys-
tems using insulated gate bipolar transistor (IGBT) technology have attracted in-
creasing attentions due to the interconnection between the mainland and offshore
wind farms, power flow regulation in alternating current (AC) power systems, long
distance transmission [72], and introduction of the supergrid, which is a large-scale
power grid interconnected between national power grids [73]. The main feature
of the VSC-HVDC system is that no external voltage source is needed for com-
munication, while active and reactive power at each AC grid can be independently
controlled [74]. In this chapter, investigated target is point-to-point two terminal
VSC-HVDC system which used as bulk power transmission.

Traditionally, The VSC-HVDC system utilizes a nested-loop d-q vector control
(VC) approach based on linear proportional-integral (PI) methods [75] for output
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power and voltage regulations, whose control performance may be degraded with
the change of operation conditions as its controller gains are tuned from one-point
linearization model [76]. As VSC-HVDC systems are highly nonlinear resulted
from converters and also operate in power systems with modelling uncertainties,
many advanced control approaches are developed, such as feedback linearization
control (FLC) [77] which fully compensating the nonlinearities with the require-
ment of an accurate system model, linear matrix inequality (LMI)-based robust con-
trol [78] which maximizing the size of the uncertainty region within while maintain-
ing closed loop stability. In addition, adaptive backstepping control was designed to
estimate the uncertain parameters [79]. In [80], power-synchronization control was
employed to greatly increase the short-circuit capacity to the AC system. However,
the aforementioned methods may not be adequate to simultaneously handle pertur-
bations such as modelling uncertainties and time-varying external disturbances.
Based on the variable structure control strategy, sliding-mode control (SMC) is
an effective and high-frequency switching robust control for nonlinear systems with
modelling uncertainties and time-varying external disturbances. The main idea of
SMC is to maintain the system sliding on a surface in the state space via an appropri-
ate switching logic, it features the simple implementation, disturbance rejection, fast
response and strong robustness [81]. While the malignant effect of chattering phe-
nomenon can be reduced by predictive variable structure [82] and self-tuning sliding
mode [83]. SMC has been applied to electrical vehicle [84], power converters [85],
induction machine [86], and wind turbine [87]. A feedback linearization sliding-
mode control (FLSMC) has been developed for the VSC-HVDC system to offer
invariant stability to modelling uncertainties by [88], which can provide significant
system damping and robustness under a variety of operation conditions. In practice,
SMC assumes perturbations to be bounded and the prior knowledge of these upper
bounds is required. However, it may be difficult or sometimes impossible to obtain
these upper bounds, thus the supreme upper bound is chosen to cover the whole
range of perturbations. Consequently, SMC based on this knowledge becomes over-
conservative which may cause a poor tracking performance and undesirable control

oscillations [89].
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During the past decades, several elegant approaches based on observers have
been proposed to estimate perturbations, including the unknown input observer
(UIO) [90], the disturbance observer (DOB) [91], the equivalent input disturbance
(EID) based estimation [92], and the extended state observer (ESO) based active dis-
turbance rejection control (ADRC) [93], and practical multivariable control based
on inverted decoupling and decentralized ADRC [94]. Among the above listed ap-
proaches, ESO requires the least amount of system information, in fact, only the
system order should be known [95]. Due to such promising features, ESO based
control schemes have become particularly propular. Recently, ESO based SMC has
been developed to remedy the above issue of SMC with an online perturbation es-
timation. It observes both system states and perturbations by defining an extended
state to represent the lumped perturbation, which can be then compensated online
to improve the performance of system. Related applications can be referred to me-
chanical systems [96], missile systems [97], spherical robots [98], and DC-DC buck
power converters [101].

In order to solve some of the problems of discontinuous operation of the switch-
ing devices in VSC-HVDC system with regards to changing parameters and exter-
nal disturbances, this chapter adopts a developed ESO called sliding-mode state and
perturbation observer (SMSPO) [125, 126] to estimate the combinatorial effect of
nonlinearities, parameter uncertainties, unmodelled dynamics and time-varying ex-
ternal disturbances existed in VSC-HVDC systems, which is compensated by the
perturbation observer based sliding-mode control (POSMC). The motivation to use
POSMC can be summarized as follows, the robustness of proposed POSMC to the
perturbation mostly depends on the perturbation compensation while the ground of
the robustness in SMC is the discrete switching input. Furthermore, the upper bound
of perturbation is replaced by the smaller bound of its estimation error, which yield-
s a desirable level of control activity for a given precision of trajectory tracking.
Compared to VC [76], POSMC can provide a consistent control performance un-
der various operation condition of the VSC-HVDC system and improve the power
tracking by eliminating the power overshoot. Compared to FLSMC [88], POSMC

only requires the measurement of active and reactive power and DC voltage, which
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Figure 3.1: The two-terminal VSC-HVDC system

can provide a significant robustness and avoid an over-conservative control input as
the real perturbation is estimated and compensated online. Four case studies are car-
ried out to evaluate the control performance of POSMC through simulation, such as
active and reactive power tracking, AC bus fault, system parameter uncertainties and
weak AC gird connection. A dSPACE simulator based hardware-in-the-loop (HIL)
test is then undertaken to validate the implementation feasibility of the proposed

approach.

3.2 Two-terminal VSC-HVDC System Modelling

There are two VSCs in the VSC-HVDC system shown in Fig. 5.5, in which
the rectifier regulates DC voltage and reactive power, while the inverter regulates
the active and reactive power. Only the balanced condition is considered, e.g., the
three phases have identical parameters and their voltages and currents have the same
amplitude while each phase shifts 120° between themselves. The rectifier dynamics

can be written at the angular frequency w as [31]

dign _ _ Ry

dr I 1q1 + Wiq1 + Uq1
diqr Ry ; .
O = I tal — Wit Uql (3.2.1)
dVge1 3usqi1iql . ’L_L
dt = 2C1Vier C1

where the rectifier is connected with the AC grid via the equivalent resistance and

inductance R; and Ly, respectively; C} is the DC bus capacitor; uq = ““L—_luql and
Ugq1 — Uy
udl — sdlLl dil
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The inverter dynamics is written as

digag . _ Ro

a o idg + Wiqz + Ug2
diq2 _ Ro .
G = —L—qug — Wig2 + Uq2 (322)
dVyep _ 3usq2iq2 i

dr = 2C9Vieo Ca

where the inverter is connected with the AC grid via the equivalent resistance and

inductance R, and Lo, respectively; C is the DC bus capacitor; uq = ““QL—_;“‘Q and
Ugq2 — Uy
Uqy = sd2L—2d2_

The interconnection between the rectifier and inverter through DC cable is given

as
Vacrir, = Vaeair, + 2Roi? (3.2.3)

where R, represents the equivalent DC cable resistance.

The phase-locked loop (PLL) is used during the transformation of the abc frame
to the dq frame [99, 100]. In the synchronous frame, w41, Usq2, Usq1, and ugqo are
the d—, ¢g— axes components of the respective AC grid voltages; iq1, a2, iq1, and iq2
are that of the line currents; ,q1, Urd2, Urq1, and u,q2 are that of the converter input
voltages; P, P, ()1, and (- are the active and reactive power transferred from the
AC grid to the VSC; Vg1 and Vg are DC voltages; and iy, is DC cable current.

At the rectifier side, the g-axis is set to be in phase with the AC grid voltage ug; .
Correspondingly, the g-axis is set to be in phase with the AC grid voltage us» at the
inverter side. Hence, usq; and ugq2 are equal to O while ugq; and ug,o are equal to the
magnitude of ug and us. The VSC-HVDC system is assumed that being connected
to sufficiently strong AC grids, such that the AC grid voltage remains as an ideal
constant. Then the power flows from the AC grid can be given as

p

3 . . ! .
P =3 (Usq1lqr + Usariar) = 5 Usq1lq1
Q1 = 2 (Usquidl — Usaiiql) = SUsqii
1= 3 sqltdl sdltql) — 5 Usqltdl (3 24)
3 . . 3 . e
Py =3 (Usq2lq2 + Usaziaz) = 5 Usq2lq2
3 . . 3 .
| @2=3 (Usq2ide — Usdalq2) = 5Usq2ld2
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3.3 POSMC Design for Two-terminal VSC-HVDC Sys-

tem

3.3.1 Perturbation Observer based Sliding Mode Control

Consider an uncertain nonlinear system which has the following canonical form

= Ax + B(a(x) + b(x)u + d(t
{ (a(x) + bx)u +d(1)) .
y==a
where © = [y, 79, ,2,]7 € R™ is the state variable vector, v € Rand y € R

are the control input and system output, respectively. a(x) : R” +— R and b(x) :
R"™ +— R are unknown smooth functions, and d(¢) : RT — R represents the time-
varying external disturbance. The n X n matrix A and the n x 1 matrix B are of the

canonical form as follows

(010 - 0] [0 |
001 -0 0
A= ., B=
000 - 1 0
(000 0] 1]

The perturbation of system (3.3.1) is defined as [125, 126, 61]
U(z,u,t) = a(x) + (b(x) — bo)u + d(t) (3.3.2)

which is represented by a fictitious state written as x,, 1 = ¥(x,u,t). Then, system

(3.3.1) can be extended as
(

Yy=m
T = Ty
(3.3.3)
Tp = Tpy1 + bou
[ Tnt1 = W)
The new state vector becomes z, = [z1,Z2, - , Ty, a:nH]T, the control object is
to drive the system state x to track a desired state x4 = [yq, yél), cee yé"_l)]T, and

following assumptions are made [125]
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e A.l by is chosen to satisfy: |b(z)/byp — 1| < 6 < 1, where 6 is a positive

constant.

e A2 The functions ¥(z,u,t) : R” x R x R* — R and ¥(z,u,t) : R" x
R x R* +— R are bounded over the domain of interest: |V(x,u,t)| < 71,
| (z, u,t)| < v, with ¥(0,0,0) = 0 and ¥(0,0,0) = 0, where ~; and 7, are

positive constants.

e A.3 The desired trajectory y4 and its up to nth-order derivative are continuous
and bounded.

Under the above three assumptions, the effectiveness of such perturbation esti-
mation based approach can be guaranteed. In particular, Assumptions A.1 and A.2
guarantee the closed-loop system stability with perturbation estimation, while As-
sumption A.3 ensures that POSMC can drive the system state x to track a desired
state. In the consideration of the worst case such as that only the system output
y = x is available, an (n+1)th-order SMSPO [125, 126] for the extended system
(3.3.3) is employed to estimate the system states and perturbation as follows

( - N ~ ~
T = o + a1 @1 + kysat(Zy)

) (3.3.4)
T = V() + a1 + kpsat(Z1) + bou
\ V() = Qg1 @1 + koprsat(F))
where 1 = x1 — 21, k; and o, 2 = 1,2, - - - ,n + 1, are positive coefficients, func-

tion sat(Z) is defined as sat(Z;) = #1/|%1| when |Z;| > € and sat(%,) = 71/
when |Z;| < €, where € is a small positive scalar. The constants «; are chosen
as in a Luenberger observer so as to place the poles at the desired locations in the
open left-half complex plane. In other words, «; are chosen such that the root of
ST s +ans” 4+ -+ a1 = (s+ Ao)" T = 0is in the open left-half com-
plex plain. A larger value of «; will accelerate the estimation rate of SMSPO but
also result in generating peaking phenomenon. Thus a trade-off between the estima-
tion rate and effect of peaking phenomenon must be made through trial-and-error.

Normally they are set to be much larger than the root of the closed-loop system to

Yiyan Sang



3.3 POSMC Design for Two-terminal VSC-HVDC System 51

ensure a fast online estimation. According to [125], the condition for the existence
of the sliding mode of SMSPO (3.3.4) is: k1 > |Z2|max. The sliding surface con-
stant is chosen to guarantee that the estimation error of SMSPO will enter into the
sliding surface. And poles on the sliding surface can be properly set by selecting
the ratio k;/k1(¢: = 2,3,--- ,n + 1). Precisely, k; are chosen such that the pole
of p" + (ko/k1)p" ™' + -+ + (kn/k1)p + (kni1/k1) = (p+ M)™ = 0 to be in
the open left-half complex plane. Under Assumption A.2, the SMSPO converges
to a neighbourhood of the origin if gains k; are properly selected, which has been
proved in [125, 104]. For a given k;, a larger k; will accelerate the estimation rate
of SMSPO but also result in a degraded observer stability. Thus a trade-off between
the estimation rate and observer stability must be made through trial-and-error. The
layer thickness constant of saturation function e: Which is a positive small scaler to
replace the sign function by the saturation function, such that the chattering effect
can be reduced. A larger € will result in a smoother chattering but a larger steady-
state estimation error. Consequently, a trade-off between the chattering effect and
steady-state estimation error must be made through trial-and-error. In practice, a

value closes to 0 is recommended.

Remark 1. When SMSPO is used to estimate the perturbation, the upper bound of
the derivative of perturbation ~, is required to guarantee the estimation accuracy,
and such upper bound will result in a conservative observer gain. However, the con-

servative gain is only included in the observer loop, not in the controller loop.

Remark 2. In assumption A.2, only the upper bound of the derivative of perturba-
tion 7, is used. This may be reasonable when the control input is bounded in a real
system. However, when a complete observer and controller system is investigated,
the more reasonable and strict assumption is to include the controller definition in
the assumption. If the Lipschitiz condition in Assumption A.2 is considered, an er-

ror convergence to the origin will be achieved [105].

Define an estimated sliding surface as

Sty =Y pilas — i) (3.3.5)
=1
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where the estimated sliding surface gains p; = C. A", i = 1,---  n, place all
poles of the estimated sliding surface at —\., where A\, > 0.
The POSMC for system (3.3.1) is designed as

n—1
1 n . ; R R R
= bo yél ) — Zpi(xi-&-l - yé)) — (S — psat(S) — ¥(-) (3.3.6)
i=1

where ¢ and ¢ are control gains which are chosen to fulfill the attractiveness of the
estimated sliding surface S.

Note that POSMC does not require an accurate system model and only one state
measurement y = x; is needed. As the upper bound of perturbation W(-) is replaced
by the smaller bound of its estimation error \i/(), a smaller control gain is needed
such that the over-conservativeness of SMC can be avoided [125]. Remark 3. The
motivation to use SMSPO is due to the fact that the sliding-mode observer poten-
tially offers advantages similar to those of sliding-mode controllers, in particular,
inherent robustness to parameter uncertainty and external disturbances. It is a high-
performance state estimator with a simple structure and is well suited for uncertain
nonlinear systems. Moreover, it has the merits of simple structure and easy analysis
of the closed-loop system stability compared to that of ADRC which uses a nonlin-
ear observer while they can provide almost the same performance of perturbation
estimation. The design procedure of POSMC for system (3.3.1) can be summarized

as follows:
Step 1: Define perturbation (3.3.2) for the original nth-order system (3.3.1);
Step 2: Define a fictitious state x,,.; = V(-) to represent perturbation (3.3.2);

Step 3: Extend the original nth-order system (3.3.1) into the extended (n + 1)th-order
system (3.3.3);

Step 4: Design the (n + 1)th-order SMSPO (3.3.4) for the extended (n + 1)th-order
system (3.3.3) to obtain the state estimate 2 and the perturbation estimate U (+)

by only the measurement of x1;

Step 5: Design controller (3.3.6) for the original nth-order system (3.3.1), in which
the estimated sliding surface S is calculated by (3.3.5).
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3.3.2 Rectifier Controller Design

Choose the system output ¥, = |41, ¥r2]T = [Q1, Vaer]T, let QF and Vi, be
the given references of the reactive power and DC voltage, respectively. Define the
tracking error e, = [e,1, er9]” = [Q1 — QF, Va1 — Vi, ] Y, differentiate e, for rectifier

(4.2.1) until the control input appears explicitly, yields

é; 1 — )* U
[”1]:[f1 @y p, ‘”] (33.7)
€r2 fr2 - Vvd*cl uql
where
3 Ry . .
fin = 2q1 (_L—iZdl +w2q1)
o 3usq1 . Rl . lq1 3usqliql iL
TR { R A CTe A7)
. 1 (3usq1iq1 . Z_L . Susqgiqg . Z_L)
\ 2RyCy \2C1Vgear  C1 205 Ve O
and

B, =

0 i
The determinant of matrix B, is obtained as |B;| = 9uZ,, /(4C1L}Vac1), which is
non-zero within the operation range of the rectifier, thus system (3.3.7) is lineariz-
able.
Assume all the nonlinearities are unknown, define the perturbations ¥, (-) and

Uo(-) as

W . U
O[]y gy [ 5
\Ier () fr2 uql
where the constant control gain B, is given by
b, 0
By — 10
0 erO

Then system (3.3.7) can be rewritten as

ey (- U, ¥

= A T N (3.3.9)

€r2 q[r2 uql Vd*Cl
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Define zj; = ()1, a second-order sliding-mode perturbation observer (SMPO) is

used to estimate W, (-) as

211 =WU(-)+ 041@1 + k;lsat(Ql) + briouar

. - (3.3.10)
(1) = Q1 + kjpsat(Qr)

S

where observer gains k., k.,, a/;, and o, are all positive constants.
Define 211 = Vg1 and z12 = 211, a third-order SMSPO is used to estimate W o(-)

as
Z11 = 212 + 1 Vaer + krisat(Vaer)

Z19 = \i/rQ(') + o Viger + krzsat(f/dcl) + braolq (3.3.11)
\ijr2(') - O‘r?)‘N/dcl + krBSat(‘Zid)
where observer gains k;1, k2, ki3, a1, io, and a3 are all positive constants.

The estimated sliding surface of system (3.3.7) is defined as

S«r o )k
M= [ Comme (33.12)
St p1(Z11 = Vaer) + p2(Z12 — Vi)
where p; and p, are the positive sliding surface gains.
The POSMC of system (3.3.7) is designed as
u U, () + O — ;S’r - ;satgr
I R L S e (33.13)
Uq1 _\Ijr2(') + ‘/d*cl - CrSr2 - (Prsat(sﬁ)

where positive control gains (;, ¢, ¢, and ¢! are chosen to ensure the attractiveness
of estimated sliding surface (3.3.12).

During the most severe disturbance, both the reactive power and DC voltage
reduce from their initial value to around zero within a short period of time A. Thus
the boundary values of the system state and perturbation estimates can be obtained
as [27,] < |Qi], [T ()] < [Q11/A, 120] < Vil [212] < Vi l/A, and [Wa(-)] <
|V, |/ A2, respectively.

’

3.3.3 Inverter controller design

Choose the system output 3 = [yi1, 2]t = [Q2, P, let Q3 and Py be the

given references of the reactive and active power, respectively. Define the tracking
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error e; = [ej1, e0] T = [Qo — Q3, P, — P;]", differentiate e; for inverter (3.2.2) until

the control input appears explicitly, yields

éi i1 — )% u
[ i ] - [ fu= @) | e ] (3.3.14)
€io fio — Py Uq2
where 5 R
Ug . .
fir = 2q2 <_L_§Zd2 + w2q2)
St Ry . .
fie = 2q2 (—L—zzqz - wmz)
and

B —
! 0 3usq2
2L9

3usq2
2Lo 0 ]

The determinant of matrix B; is obtained as | By| = 9u2,/(4L3), which is non-zero
within the operation range of the inverter, thus system (3.3.14) is linearizable.
Assume all the nonlinearities are unknown, define the perturbations W;;(-) and

Uio(+) as

\I/i . i Uu
ORI [ fu| (Bi—Byo) | ] (3.3.15)
‘I’iz(') fi2 Uq2
where the constant control gain B is given by
b; 0
Bo=| "
0 bixo
Then system (3.3.14) can be rewritten as
éi \I/i . u )
Tl= ] g | e | | @ (3.3.16)
€i2 ‘1112(') Ug2 P. 2*

Similarly, define z}, = @2 and 291 = P,, two second-order SMPOs are used to

estimate W;; () and Wiy (), respectively, as

Uit () + oy Qo + Kysat(Q2) + binotas

2
R ~ - (3.3.17)
qjﬂ(') = 06{2622 —+ ki'Qsat(QQ)
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where observer gains k!, kf,, o/, and o, are all positive constants.

~

201 = Win(-) 4+ an Py + kysat(Py) + b
i21 2( ) K Q1172 ~1 ( 2) 20Uq2 (3.3.18)
\Ifig(') = OéiQPQ + k‘igsat(PQ)
where observer gains kij, kio, 1, and s are all positive constants .
The estimated sliding surface of system (3.3.14) is defined as
S«i s )k
| | s (3.3.19)
Si Zo1 — P5
The POSMC of system (3.3.14) is designed as
—\iji )+ )E — !gi — {sat Si
[m _por [ O+ @G- Gha-e W] (33.20)
Ug2 —Vis(-) + Py — (iSi2 — @isat(Siz)

where positive control gains (;, ¢;, i, and ¢! are chosen to ensure the attractiveness
of estimated sliding surface (3.3.19).

Similarly, the boundary values of the system state and perturbation estimates can
be obtained as |25, | < |Q3], [Wi ()] < |Q3]/A, [21] < [P5l, and [Uin()] < |P5]/A,

respectively.

The overall controller structure of the VSC-HVDC system is illustrated by Fig.
4.6, in which only reactive power (), and DC voltage V., need to be measured for
rectifier controller (5.3.7), while active power P, and reactive power () for inverter

controller (5.3.16).
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Table 3.1: The VSC-HVDC system parameters

AC system based voltage VAC)ase 100 kV
DC cable base voltage VDopaeo 150 kV
System base power Shase 100 MVA

AC system resistance (25 km) R1, R2 0.05 2/km

AC system inductance (25 km) Ly, Lo 0.026 mH/km

DC cable resistance (50 km) Ro 0.21 Q/km

DC bus capacitance C1,C9 11.94 uF

3.4 Simulation Results for Two-terminal VSC-HVDC
System

Proposed POSMC is applied on the VSC-HVDC system illustrated in Fig. 5.5.
The AC grid frequency is 50 Hz and VSC-HVDC system parameters are given in Ta-
ble 5.1. POSMC parameters are provided in Table 3.2, in which the observer poles
are allocated as A,, = 100 and A\, = Ay, = )\a; = 20, while control inputs are
bounded as |ugy;| < 80 kV and |ug;| < 60 kV, where ¢ = 1,2. The boundary value
mentioned above is set via d-q transform algorithm on converter voltage. And cor-
responding converter voltage boundary is obtained via trial and error on the system
model. The control performance of POSMC is evaluated under various operation
conditions in a wide neighbourhood of initial operation points and compared to that
of VC [76] and FLSMC [88].

1) Case 1: Active and reactive power tracking: The references of active and
reactive power are set to be a series of step change occurs att = 0.2s,¢ = 0.4 s,
and restores to the original value at ¢ = 0.6 s, while DC voltage is regulated at the
rated value V, = 150 kV. The system responses are illustrated by Fig. 3.4. One
can find that POSMC has the fastest tracking rate and maintains a consistent control
performance under different operation conditions.

2) Case 2: 5-cycle line-line-line-ground (LLLG) fault at AC bus 1. A 5-cycle
LLLG fault occurs at AC bus 1 when ¢ = 0.1 s. Due to the fault, AC voltage at the

corresponding bus is decreased to a critical level. Fig. 3.6 shows that POSMC can
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Figure 3.3: System responses obtained under the active and reactive power tracking-
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Figure 3.5: System responses obtained under the 5-cycle LLLG fault at AC bus 1-1.
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Figure 3.6: System responses obtained under the 5-cycle LLLG fault at AC bus 1-2.
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Table 3.2: POSMC parameters for the VSC-HVDC system

Rectifier Controller Gains

brio = 100 | byoo = 7000 p1 = 800 po =1

¢r =20 ¢l =10 pr =20 Pl =20

Rectifier Observer Gains

ar1 = 300 al; =40 opz = 3 x 10* aly, =400

ap3 = 109 A =0.01 e=0.1 k1 = 100

kl, =15 ko =105 | kl, =3.75 x 10* | ky3 = 2.5 x 107

Inverter Controller Gains

bi1p = 50 bi2o = 50 ¢ =10 ¢ =10

Inverter Observer Gains

a1 = 40 af; =40 ajo = 400 aly, = 400

1

ki =75 k{, =75 kiz = 3.75 x 10* | kl, =3.75 x 10%

effectively restore the system with smallest active power oscillations. In contrast,
the transient response of FLSMC is unsatisfactory as its design is sensitive to system
parameter variations. Response of perturbation estimation is demonstrated in Fig.
3.7, which shows the observers can estimate the perturbations with a fast tracking
rate.

3) Case 3: Weak AC grid connection: The AC grids are assumed to be suffi-
ciently strong such that AC bus voltages are ideal constants. It is worth considering
a weak AC grid connected to the rectifier, e.g., offshore wind farms, which voltage
Ug1 18 no longer a constant but a time-varying function. A voltage fluctuation occurs
from 0.15 s to 1.05 s caused by the wind speed variation is simulated, which corre-
sponds to ug; = 1 + 0.15sin(0.27¢). System responses are presented in Fig. 3.9,
it illustrates that both DC voltage and reactive power are oscillatory, while POSMC
can effectively suppress the oscillation with the smallest fluctuation of DC voltage
and reactive power.

4) Case 4: System parameter uncertainties: When there is a fault in the transmis-

sion or distribution grid, the resistance and inductance values of the grid may change
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Figure 3.7: Estimation errors of the perturbations obtained under the 5-cycle LLLG
fault at AC bus 1.
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Figure 3.9: System responses obtained with the weak AC grid connection-2.
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significantly. Several simulations are performed for plant-model mismatches of 17,
and Ly with £20% uncertainties. All tests are undertaken under the nominal grid
voltage and a corresponding -120 A in the DC cable current 71, at 0.1 s. The peak
active power | P;| is recorded which uses per unit (p.u.) value for a clear illustration
of system robustness. It can be found from Fig. 3.10 that the peak active power
| | controlled by POSMC is almost not affected, while FLSMC has relatively large
range of variation, i.e., around 3% to %2 and 8% to Lo, respectively. Responses to
mismatch of R, and L, changing at the same time are illustrated in Fig. 3.11. The
magnitude of changes is around 10% under FLSMC and almost does not change un-
der POSMC. This is because POSMC estimates all uncertainties and does not need
an accurate system model and thus has better robustness than that of FLSMC which
requires the accurate system parameters.

Table 3.3: IAE indices (in p.u.) of different control schemes calculated in case
studies

Method Case Power tracking

IAEq, | IAEy IAEq, | IAEp,

dcl

vC 3.83E-02 | 4.44E-03 | 2.13E-02 | 2.71E-02
FLSMC 2.19E-02 | 1.73E-03 | 2.23E-02 | 2.18E-02
POSMC 2.33E-02 | 2.00E-03 | 2.42E-02 | 2.33E-02

Weak AC grid
Method Case 5-cycle LLLG fault
connection

IAEq, IAEv,,, IAEq, IAEv,,

vC 2.62E-02 | 2.15E-03 | 4.53E-03 | 4.13E-03
FLSMC 1.13E-02 | 4.13E-03 | 4.08E-03 | 3.33E-03
POSMC 5.64E-03 | 1.38E-03 | 3.88E-04 | 6.78E-04

The integral of absolute error (IAE) indices of each approach calculated in case
studies are tabulated in Table 5.3. Here IAE;,, = fOT Q1 — Q7|dt, TAEy, , =
I [Vaer — Via|dt, IAEg, = [ |Qs — Q3|dt and IAEp, = [ |P, — Pj|dt. The
simulation time 7'=3 s. Note that POSMC has a little bit higher IAE than that of

FLSMC in the power tracking due to the estimation error, while it can provide much
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Figure 3.12: Overall control costs AE, (in p.u.) obtained in three cases.

better robustness in the case of 5-cycle LLLG fault and weak AC grid connection. In
particular, its IAE, and IAEy,_, are only 8.57% and 9.51% of those of VC, 16.42%
and 20.36% of those of FLSMC with the weak AC grid connection. The overall
control costs are illustrated in Fig. 3.12, with IAE, = fOT(|ud1| + |uq| + |uaz| +
|uqe2|)dt. Tt is obvious that POSMC has the lowest control costs in all cases, which
is resulted from the merits that the upper bound of perturbation is replaced by the
smaller bound of its estimation error, thus an over-conservative control input can be

avoided.

3.5 Hardware-in-the-loop Test Results

A dSPACE simulator based HIL test is used to validate the implementation fea-
sibility of POSMC, which configuration and experiment platform are given by Fig.
3.13 and Fig. 5.11, respectively. The rectifier controller (5.3.7) and inverter con-
troller (5.3.16) are implemented on one dSPACE platform (DS1104 board) with a
sampling frequency f. = 1 kHz, and the VSC-HVDC system is simulated on an-
other dSPACE platform (DS1006 board) with the limit sampling frequency f; = 50

kHz to make HIL simulator as close to the real plant as possible. The measurements
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Figure 3.13: The configuration of the HIL test.

of the reactive power ()1, DC voltage V.1, active power P, and reactive power ()
are obtained from the real-time simulation of the VSC-HVDC system on the D-
S1006 board, which are sent to two controllers implemented on the DS1104 board
for the control inputs calculation.

It has been found from the author’s previous work that an unexpected high-
frequency oscillation in control inputs may emerge as the large observer poles would
result in high gains, which lead to highly sensitive observer dynamics to the mea-
surement disturbances in the HIL test [61]. Note that this phenomenon does not
exist in the simulation. One effective way to alleviate such malignant effect is to
reduce the observer poles. Through trial-and-error, an observer pole in the range
of Ao, € [15,25] and Aoy = Aoy, = Ao € [3,10] can avoid such oscillation
but with almost similar transient responses, thus the reduced poles \,, = 20 and
Aot = Aoy = )\a; = 5, with b, = 50, beg = 5000, by = 20, and bjog = 20, are
chosen in the HIL test.

1) Case 1: Active and reactive power tracking: The references of active and
reactive power changes att = 0.4 s, t = 0.9 s, and restores to the original value

at t = 1.4 s, while DC voltage is regulated at the rated value V,, = 150 kV. The
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Figure 3.15: HIL test results of system responses obtained under the active and

reactive power tracking.
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system responses obtained under the HIL test and simulation are illustrated by Fig.
5.12, which shows that the HIL test have almost the same results as that of the
simulation.

2) Case 2: 5-cycle line-line-line-ground (LLLG) fault at AC bus 1. A 5-cycle
LLLG fault occurs at AC bus 1 when ¢t = 0.1 s. Fig. 5.13 demonstrates that the
system can be rapidly restored and the system responses obtained by the HIL test is
similar to that of simulation.

3) Case 3: Weak AC grid connection: The same voltage variation on ug is
applied between 0.87 s to 2.45 s. It can be readily seen from Fig. 3.17 that the
results of the HIL test and simulation match very well.

The difference of the obtained results between the HIL test and simulation is

possibly due to the following three reasons:

o There exist measurement disturbances in the HIL test which are however not
taken into account in the simulation, a filter could be used to remove the mea-

surement disturbances thus the control performance can be improved.

e The discretization of the HIL test and sampling holding may bring in an addi-
tional amount of error compared to that of the continuous control used in the

simulation.

e The computational delay of the real-time controller, in which the accurate
computational delay is difficult to obtain. A time delay 7 = 3 ms has been as-
sumed and added in the simulation to consider the effect of the computational

delay.

3.6 Conclusion

This chapter has developed a POSMC scheme based on ESO for the VSC-
HVDC system. The combinatorial effect of nonlinearities, parameter uncertain-
ties, unmodelled dynamics and time-varying external disturbances is aggregated in-

to a perturbation, which is estimated and compensated online. As the upper bound
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Figure 3.16: HIL test results of system responses obtained under the 5-cycle LLLG
fault at AC bus 1.
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Figure 3.17: HIL test results of system responses obtained with the weak AC grid
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of perturbation is replaced by the smaller bound of its estimation error, an over-
conservative control input is avoided such that the tracking accuracy can be im-
proved. POSMC does not require an accurate system model and only the active and
reactive power, and DC voltage need to be measured. Four case studies have been
undertaken to evaluate the control performance of the proposed approach, includ-
ing active and reactive power tracking, AC bus fault, system parameter uncertainties
and weak AC gird connection. Simulation results verify that POSMC can maintain a
consistent control performance and provide significant robustness under various op-
eration conditions. An HIL test has been carried out to validate the implementation
feasibility of the proposed approach.

As presented in this chapter, the POSMC based control strategy is applied to the
point-to-point VSC-HVDC system for bulk power transmission, and corresponding
dynamic performance has been improved. In the next chapter, the control strategy
which is applied to VSC-HVDC system for offshore wind farm integration will be

modified for enhancing system fault ride-through capability.

Yiyan Sang



Chapter 4

Nonlinear Adaptive Control for Fault
Ride-Through Capability
Enhancement of VSC-HVDC
Transmission Systems with Offshore

Wind Farm Integration

4.1 Introduction

In the past decade, the ratings of offshore wind farm are increasing rapidly and
being planned far from grid connection point [106]. However, the conventional AC
transmission through submarine cables produce significant amount of reactive cur-
rent due to its high capacitance which reduces current-carrying capacity and often
require extra reactive power compensation devices [131].

Voltage-source converter based high voltage direct current (VSC-HVDC) trans-
mission system is the favorable solution for offshore DC connection since that it
does not require a strong offshore or onshore AC grid and can even start up against a
dead network (black-start capability). VSC-HVDC transmission system also allows

the independent control of active and reactive power, which reduces the requirement
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Figure 4.1: FRT profiles according to E.ON regulation [110]

for reactive-power compensation and is able to contribute to the stabilization of the
connected onshore AC grid [107].

However, one inevitable challenge for VSC-HVDC transmission systems which
are applied for integrating offshore wind farm is the fault ride-through (FRT) ca-
pability which is stipulated by grid codes [108]. FRT capability enables offshore
wind farm to be remained connected during abnormal onshore AC grid condition-
s like voltage deviations [109]. Fig. 4.1 demonstrates a FRT time-voltage pro-
files set by the German Transmission and Distribution Utility (E.ON) regulation
[110]. The FRT requirement is a broad category covering zero voltage ride-through
(ZVRT), low-voltage ride-through (LVRT) and high-voltage ride-through (HVRT).
The ZVRT and LVRT are the investigation objectives in this chapter.Fig. 4.2 demon-
strates the reactive current requirement for supporting grid voltage during grid fail-
ure according to German grid code [111]. Although FRT attracted many research
works, most of them are mainly studying FRT capability of individual wind turbine
and these proposed works all caused considerable efforts in large-scale wind farm
which is formed by huge amounts of wind turbine. Investigating FRT capability on
VSC-HVDC transmission system is regarded as a smarter way. There are two major
types of approaches to enhance the FRT capability, one for control improvement and
the other one for hardware modification.

FRT capability can be enhanced by installing additional protection devices, such
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Figure 4.2: Required reactive current for voltage support according to German grid
code [111]

as DC choppers with braking resistors [106], flywheel energy storage system [112]
and novel topology like nine switch converter [113]. Installing extra devices used
for providing voltage compensation, energy consumption or storage are effective
yet being limited by the high cost and heat dissipation capacity. These methods also
bring the complicated control of energy storage circuits or novel converter. Another
effective alternative putting forward to enhance the FRT of the HVDC is to modify-
ing the control strategies applied on the converters. In [114], fuzzy logic controller
for temporary blocking the VSC converter is proposed during AC grid fault. How-
ever even when the insulated gate bipolar transistors (IGBTs) in the sending-end
VSC are blocked, the reverse current flowing via antiparallel diodes will still cause
the power transmitting to the DC side [113]. Different control strategies are applied
for power reduction (de-loading strategies) to enhance the FRT performance but are
designed based on linear mode like mentioned in [115, 106, 116, 117]. Howev-
er, existing linear approaches can not provide consistently satisfactory performance
since that they are all tuned specially based on one operation point and the time-
varying nonlinearities and uncertainties are not being fully compensated. Due to the
poor off standard operation point behavior during AC network faults, inrush faulty
grid-side current can not be limited rapidly and may cause converter components
damaged since that the power electronics in converter are very sensitive to transien-
t current surges [118]. Feedback linearizing control (FLC) has been proposed in

[118] for solving the nonlinearity problem to improve the FRT performance of in-
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dividual wind turbine. However, the FLC requires the accurate system model and
hence FLC will degrade dramatically in the presence of parameter uncertainties and
external disturbances which has adverse impacts on FRT performance. On the other
hand, most FLC based controllers require full state feedback and many measured
variables to calculate the nonlinear controller. Since co-operating with de-loading
strategy will introduce more parameter uncertainties and disturbances caused by
transients of slower mechanical response and can hardly provide real-time full state
feedback, FLC is not suitable to be applied to this application. To solve these issues
occurs with applying FLC, extended-order state and perturbation observer (ESPO)
based nonlinear adaptive controller is proposed which using estimate of perturba-
tion to compensate real perturbation and achieve the adaptive feedback linearizing
control.

In order to fulfill the FRT requirement for offshore wind farm integration and
effectively reduce the extremely high transient current when the grid voltage dips to
zero during faults, this chapter develops a perturbation estimation based nonlinear
adaptive control (NAC) scheme with proper de-loading strategy for the FRT capa-
bility enhancement of VSC-HVDC systems. The combinatorial effect of nonlin-
earities, system parameter uncertainties and external disturbances is aggregated into
a perturbation, which is estimated by a high-gain perturbation observer (HGPO)
[119, 120, 121]. NAC is proposed to solve the nonlinearity problem and consid-
ered as the suitable method to enhance the FRT capability with de-loading strategy.
NAC-based VSC-HVDC converter controller only requires the measurement of ac-
tive and reactive power and DC voltage, thus it provides the merit of inherently easy
implementation in real systems. The effectiveness of proposed strategy is verified
by simulation under several cases, e.g., voltage sags and LLLG faults. Robustness-
es against system parameter uncertainties and control efforts of conventional con-
verter vector control (VC) without de-loading strategy, conventional VC with de-
loading control and proposed NAC-based converter control with de-loading control
are analysing and comparing. Then the proposed controller is compiled and down-
loaded into the dSPACE processor for hardware-in-the-loop (HIL) test, in which the

I/O interface of dSPACE simulator enables the real-time sampling of inputs from
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measurements and output control signals with detailed system plant models. HIL
test results validate the implementation feasibility of the proposed approach with

measurement communication noises and unmodelled dynamics.

4.2 System Configuration and Modelling

Fig. 4.3 shows the typical configuration of the offshore wind farm need to be
integrated. The model of the wind power plants in the offshore wind farm are rep-
resented by one aggregated wind turbine model which behaves like the sum of all
of them. Hence the typical point to point VSC-HVDC transmission system with
wind power integrated is shown in Fig. 5.5. The wind power generated is trans-
mitted from sending end VSC station (SEC) which regulates the active and reactive
power to the receiving end VSC station (REC) which maintains the DC voltage and
regulates reactive power. The reactive power control channel is used to support the
grid voltage during faults. The VSC state-space representation [88] in VSC-HVDC

transmission system after Park transformation into dg-axis:

di ] )
{ LT? — _Rld+leq+‘/sd_‘/Cd (421)

where iy and i are the dg components of current at point of common coupling (PC-
O), usq and uy, are the dg components of voltage at PCC, u.q and u., are the dg
components of voltage at VSC terminal, R and L are the equivalent series resis-
tance and inductance of the filter and transformer between the VSC terminal and
corresponding PCC.

The instantaneous active power and reactive power at PCC can be expressed as

follows without considering the power losses during the switching process:

_ 3 ; )
{ P(t) = 2(Vsqzq + Viaia) 4.2.2)
2

Qt) = (Vsqid - Vsdiq)
The DC cables in VSC-HVDC transmission system are modelled as a nominal

Pi configuration which use approximated lumped-parameter models which are ex-
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Figure 4.3: The configuration of the offshore wind farm that need to be integrated
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Figure 4.4: The configuration of the VSC-HVDC system

Yiyan Sang




4.2 System Configuration and Modelling 84

pressed as following;

dVge _ 1 1
{ AR (4.2.3)

% — L — Rac
dr LdCA‘/;lC de-[dc

where AV, is the DC voltage difference between VSC terminals, Cy. is one equiv-
alent DC cable capacitance which is divided equivalently from cable shunt capaci-
tance, each placed at the sending and receiving ends of the cable, /4 is the current
flowing through DC cables, R4. and Lq. are the resistance and inductance of DC
cable. The Phase-locked loops (PLL) is assumed in a steady state, therefore Vg,
equals 0 [122]. The global mathematical model of overall VSC-HVDC system 1is

expressed as follows;

dian _ _ Ri; ; Vea1=Vear
a = T kT wigr T
diq1 . Rl . - ‘/cql

dr L1 Zq]' Widi L1
digg _ _ R, ; Veaz—Veaz
a = T M2 T Wige + T
dti . R2 . - ch2
ar —L—22q2 — W1lqe — Ty (424)
dVaar _ 3Vsqriqr _ I4c

dr 2C‘dcl‘/c{cl Cdcl
dvdc? — 3‘/5q2iq2 _ Idc

dr QCdCQVdCQ Cch
dlge 1 Rq

o = 7o (Vaer — Vaea) — T2

The active and reactive powers entering both REC and SEC can be expressed as;

.
3 .

satlaqr + Vaditar) = 5 Veqiiql
3 .

squdl sdllql) Vsqlldl

4.2.5)

3 .
sq2lq2 + Vadgiaz) = SVe2lq2

5 (V2
3 (V2
5 (V;
% (Vag2iaz — Veaziqz) = 3‘/sqzid2

where number 1, 2 subscript denote the variable corresponding to REC and SEC.
Type-4 WECS configuration owns second highest share now and is announced by
the wind turbine manufacturers that the this type technology would take over the
wind energy market in coming years [110]. Type-4 WECS configuration is attrac-
tive for the use of full-scale power converters as shown in Fig. 4.5. The perma-

nent magnetic synchronous generator (PMSG), wound rotor synchronous generator

(WRSGQG), and squirrel cage induction generator (SCIG) have all found applications
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Figure 4.5: The configuration of the Type-4 WECS with SCIG and SG [110]

in this type of configuration with a power rating of up to several megawatts. PMSG
is chosen as the investigated objective.

With the full-scale power converters, the generator is theoretically fully decou-
pled from the grid and operated at full speed range. The adopted power converters
can also support the grid with reactive power compensation and smooth grid con-
nection. This configuration can also provide the highest wind energy conversion ef-
ficiency comparing with other types. For FRT capability without installing external
hardware devices, best compliance can be achieved with full-scale power convert-
ers comparing with other types. However, the FRT capability is still required to be
improved for that mechanical system response is much slower than the electrical
response, and thus the transient active power injected by wind turbine is critical to
the stability of whole system. The extra injected power which is called as surplus
energy needs to be handled carefully. There is various proposed strategy , and the
adopted strategy is described in the next section.

The equivalent aggregated type-4 wind turbine generator with PMSG model
[123, 124] is applied for simulation as shown below. The mechanical power P,,

extracted by the wind turbine is expressed by
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1
P, = 5pArcp(A, 0)v? (4.2.6)

where P, is the power extracted from the wind, p is air density, A, is the area
covered by the rotor, v, is the wind speed, and ¢, is the performance coefficient or
power coefficient. Within ¢, 0 is the pitch angle of rotor blades, A is the tip speed
ratio which A = . Where v, is blade tip speed.

151

¢p(X.6) = 0.73(

— 0.580 — 0.0020%* — 13.2)e 184/ (4.2.7)

Where

i = S (4.2.8)

1 0.003
2—0020  63+1

Under normal operation, the dynamics of shaft system and mechanical torque

are expressed by

T. T, Du, = 2q %™ (4.2.9)
dt
T, = p|(Lq — Lq)idiq + émic] (4.2.10)
1
T = 2—)\3,07TR5CP()\, 0)w?, (4.2.11)

where 7}, is the mechanical torque, 7, is generator electrical torque, wy, is me-
chanical rotation speed of wind turbine, H is the summation of wind turbine inertia
constant and generator inertia constant. D is the viscous damping coefficient which
is taken to be 0 here, Lq and L, are the inductances in the d — ¢ axis, 1., is the per-
manent magnetic flux given by the magnets, R is the blade radius of wind turbine
and p is the number of pole pairs.

The equivalent circuit model of the studied wind turbine generator can be ex-
pressed in d — q axis, which the g-axis is fixed on the machine rotor and rotates at

rotor speed,

. di .
{ Vq = iqRs + de—g — Welgtq 42.12)

. di .
‘/q = Zqu + Lq% - <")e(LdZd + (,bnl)
where Vg and V;, are the stator voltages in the d — g axis, iq and 7 are the currents in

the d — q axis, Ry is the stator resistance, w, is electrical rotation speed which equals

Py
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4.3 Design for Proposed FRT Capability Enhancemen-
t Strategy

This section presents the design of the perturbation observer based NAC. For
each subsystem in the VSC-HVDC transmission system with wind farm integrated,
a lumped perturbation terms is defined to contain all time-varying external distur-
bances, subsystem nonlinearities and interactions between subsystems. Extended-
order high-gain state and perturbation observers are employed in the adaptive lin-
earization and decoupled control to estimate each subsystem state and perturbation
term. The estimates are implemented via introducing fictitious states. The design of

the proposed NAC is illustrated in the following subsections.

4.3.1 The high-gain state and perturbation observer
Consider a canonical control form of studied system as follows
T = T

(4.3.1)
Tn = f(z)+g(x)u

(v = =@

and define a fictitious state to represent the system perturbation, i.e., x,,.1 = W, this

transforms the state equation into

(

T = T2

Tp = Tpg1+ gou (4.3.2)
in-&-l = \I]()

Yy = I

\
where ¥ = f(x) + [g(x) — go]u, go is the nominal control gain. The following

assumptions are made on the system (4.3.2).
A.1l. gy is chosen to satisfy: |g(z)/go — 1| < 6 < 1, where 0 is a positive constant.

A.2. The function ¥ (z, u,t) : R"X Rx RT — Rand ¥(z,u,t) : R*X Rx Rt — R
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are locally Lipschitz in their arguments over the domain of interest and are globally

bounded in z:

| Uz, u,t) <y, | U(z,ut) <y (4.3.3)
where ; and 7, are positive constants. In addition, ¥ (0,0,0) = 0 and ¥(0,0,0) =
0. Assumption A.2 guarantees that the origin is an equilibrium point of the open-

loop system.

Here the high-gain observer in [119] is employed to obtain the on-line estimate of
the perturbation. Under the assumptions A.1 and A.2, f(x) and g(z) are unknown
continuous functions. Assume only one state x; = vy is available, a (n+1)th-order

HGSPO can be designed as

1 = :%2+h1(y—§cl)
R R R 4.3.4)
Tn = Tpg1+ ha(y — 21) + gou
| Zni1 = haga(y — 20),
where h; = «;/ €,1=1,---,n+ 1 are gains of the observer, ¢ < 1 is a positive
constant to be specified and the positive constants o;, 2 = 1,--- ,n + 1, are chosen
such that the roots of
S st s+ Qi1 =0 (4.3.5)

are in the open left-half complex plan.

4.3.2 NAC for VSC-HVDC transmission system

The proposed NAC uses the estimate of perturbation term W(-) to compensate
the real system perturbation and achieves the adaptive feedback linearizing control,
without requiring a detailed and accurate system model in conventional feedback
linearization control. The more details can be found in previous work [125, 119,
126]. Throughout this thesis, = is denoted as the estimate of x.

For the REC side, the system output is chosen as ¥ree = [Yrecl, Yrec2] T = [Q1 —

Q% Vaer — Vi, |T, where Q} and V| are the reference values of reactive power @,
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and DC voltage V.1, respectively. Hence the DC voltage level can be maintained
and the reactive power can be controlled and be used to support the main onshore
grid voltage during fault. Differentiate ... until the control input appears explicitly,

it yields

yrccl = \Ilrccl + brccl()urocd (436)
yreCQ = Wieer + brecQOUrecq 4.3.7)

where b.e.19 and byecop are constant control gains. The perturbations are given as

follows
3u 1 Rl, . "k 3u 1
\Ifrecl = ;q (_L_lldl + (A)Zq1> - Ql + 2—;2'U/recd - breclourecd
\I/reCQ = 3usq1 (—(A}idl - &iql - iql (3USQ1iq1 - Z_L>)
201‘/dc1 Ll ‘/dcl 2611‘/d(:1 Cl
iL - 3tsq1
-~ V* + Y recq brcc rec
Cr T 2O LV et et

A second-order high-gain perturbation observer (HGPO) [119] is designed to esti-

mate W, .. as

Ql - \ijrecl + %(Ql - Ql) + breclourecd

R . (4.3.8)
\Ilrecl = %(Qrec - Ql)

A third-order high-gain state and perturbation observer (HGSPO) [119] is designed

to estimate W,..o as

€

A o N
V;lcl = —recl (‘/;101 - Vdcl)

‘Zicl = \IjreCZ + 04:2C2 (V;icl - ‘A/:icl) + brecQOUrecq (439)
\i}reCQ - az%cs (Vdcl - ‘A/dcl)

/ / / L
Where Qyect, Qrec2s Mrecrs Qreees aNd v 5 are the positive constants and 1 >> € > 0.

The NAC for the rectifier side using the estimates of perturbation is designed as
Urecd = br_eil()(_\ijrecl - krecl(@l - QT) + QT)

Urecq = b;siQO[_‘i;reC? - kllred(VdCl - Vd*c1> - kll"eCZ(Vdd - V:i*cl) (4.3.10)
+Vd*c1]
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where kyec1, ki, and k., are positive feedback control gains, which place the poles
of the closed-loop system in the left-half plane (LHP).

For the SEC side, the system output is chosen as Ysee = [Ysecl, Ysec2) = = [@2 —
Q5, Py, — Py, where Q% and P; are the reference values of reactive power Qy
and active power P, respectively. Differentiate ys.. until the control input appears

explicitly, it yields

ysecl = \I]secl + bseclousecd (4311)
yseCQ = \IjseCZ + bsecQO“secq (4312)

where bgec10 and bgecop are constant control gains. The perturbations are given as

follows
3use02 RQ % 3uS 2
\I]qu = 9 ( LQ Zd2 + wqu) - QQ + 2[2 Usecd — bsecl()usecd
3usec2 RZ o 3U’S 2
\Ijqu = 2 ( L2 Zq2 - Cdng) - P2 + Q—L(lusecq - bsecZOU'secq
Similarly, two second-order HGPOs are designed to estimate Wy..; and Weeo, re-
spectively:
: \ijsec + ased - ) + bsec Usec
? 1 (QQ QZ) 10 d (4313)
s = 2202 - Q)
Pé = \ijsec + Oiec) P P + bsec Usec
’ 2 P = ) Bt (4.3.14)

\i]sec2 QECQ <P2 PQ)

where Qigec1, Msec2, O and o, are the positive constants.

secl’

The NAC for the inverter side using the estimates of perturbation is designed as

{ Usecd = seclO( \i]secl - secl(QQ - Q;) + Q;) (4 3 15)

usqu = bSEiQO( \ilse‘32 ksec]_(PQ - PQ*) + PQ*)

where ky; and k. ., are positive feedback control gains, which place the poles of
the closed-loop system in the LHP.
Notice that control laws (5.3.7) and (5.3.16) require only one state measurement

for its control design, that is, the DC voltage V.1, active power P, reactive powers

(1 and Q».
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4.3.3 De-loading strategy of wind turbine generator

For the VSC-HVDC transmission system fault ride-through in the event of on-
shore main grid fault, the wind turbine generator power is required to be rapidly
reduced (de-loaded) via reducing the reference generator torque or block the out-
put powers via adjusting active power currents proportional to DC link voltage rise
[106].

Since the DC link voltage is suppressed rapidly via adopting NAC in VSC con-
troller of VSC-HVDC [127], DC link voltage rise can not be adopted for accurate
de-loaded reference in linear vector control in WECS. Original AC grid voltage is
required to be directly real-time measured and adopted in proposed de-loading s-
trategy. As aforementioned, mechanical system response is much slower than the
electrical response, mechanical rotation speed and mechanical torque adjustment is
critical during de-loading strategy for FRT capability enhancement. The controllers
of motor side converter (MSC) and grid side converter (GSC) in the type-4 wind tur-
bine generator are very similar to the SEC and REC mentioned above. The design of
detailed corresponding controllers is based on [121, 128]. The existing peak power
tracking controller mentioned in [128] is designed to regulate the turbine rotating
speed for capturing maximum wind. For proposed de-loading strategy, it is shifted
to regulate another specific value according to the reference torque mentioned be-
low rather than the value obtained by existing peak power tracking controller when
fault being detected. The reference stator current in the g— axis is calculated by
set-point torque which is received by dictated order by de-loading strategy shown
below. The droop gain in de-loading loop is multiplied by the torque demand com-
ing from the 1p.u. which is set as the steady state AC voltage value. The proposed
strategy is designed based on de-loading strategy mentioned in [116], but it replaced
the increasing DC voltage by measured onshore main grid AC voltage directly. The
reduction of reference electrical torque is still set as proportional to the difference of

real-time measured faulty AC voltage and nominal AC voltage by de-loading droop.

T Viqot
e _ K, (4.3.16)
TSP d‘/qun

Where the 77 is the reference input for WECS controller, and the 7sp is the orig-
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inal set-point torque output generated by maximum power point tracking (MPPT)
look-up table. Kj is the droop gain applied in de-loading strategy. Vo is the
measured onshore main grid voltage in g—axis during fault. Vo, is the measured
nominal onshore main grid voltage in g—axis. Hence the electrical power reference
for WECS which also being sent to the HVDC SEC converter controller is obtained

as flows

‘/quf
‘/;an

P! = KqTspwe (4.3.17)
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Table 4.1: System parameters used in the simulation

AC grids frequency f 50 Hz
AC grids base voltage VACh e 100 kV
DC cable base voltage Doy e 150 kV

System base power Shase 100 MVA

AC grids line resistance (25 km) | Ry, Rs 0.05 Q/km

AC grids line inductance (25 km) | Ly, Lo | 0.026 mH/km

DC cable resistance (50 km) Ry 0.21 /km

DC bus capacitance C1,Cy 11.94 uF

4.4 Case Studies

The proposed approach is applied on the system illustrated by Fig. 5.5. System
parameters adopted in this thesis is set according to VSC-HVDC system benchmark
shown in appendix which is widely accepted by industry and academia. Various
research in literature review section like [76] and [116] which have been cited over
a thousand times used the similar system to demonstrate the effectiveness of their
proposed controllers. The FRT performance of proposed de-loading NAC is com-
pared with that of conventional vector control (VC) [76] and de-loading VC [116].

The system parameters used in the simulation are listed in Table 5.1. The values
of system variables are used in the per unit (p.u.) value. The NAC parameters illus-
trated in Table 3.2 are tuned considering for the application of de-loading strategy,
while control inputs are bounded as |uq;| < 1 p.u. and |ug| < 1pu., i = 1,2,

respectively. Moreover, the time period of the boundary values A = 0.05 s.
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Table 4.2: Controller parameters used in Chapter 4.

Rectifier controller

Control gains
br10 = 105 brag = —3000 K, =70

op1 = 80 aro = 1600 aly =120

Observer gains
aly =4800 | al3 =6.4x10* | e=0.1

Inverter controller

ki1 =20 K, =20 bi1o = 100
Control gains
biog = —100
[ 60 Ao = 900 Oé{l =60
Observer gains
aly =900 e=0.1

(1) System response to voltage sag at onshore AC grid: The FRT capability is
tested with voltage sat at different reduced voltage levels. Take the voltage sag at
35% of nominal voltage as an example, the response comparison of using propos-
ing de-loading NAC with de-loading VC and conventional VC without de-loading
process is displayed in Fig. 4.8 and Fi.g 4.9. From analysing the response obtained
from REC, it can be seen as the voltage sag occurs at 0.2 and lasts 0.3s. From com-
paring the overshoots in (b) (c) (d) of Fig. 4.8, the proposed de-loading NAC can
provide most smooth performance during voltage sags. For better comparison, the
AC current measured from REC is converted into the d-q axis and shown in (e) of
Fig. 4.8. From comparing three control strategies in the d-q axis, it can be seen
that proposed NAC could suppress current oscillations significantly. And with the
help of de-loading strategy, the proposed control strategy can significantly reduce
the peak current of the onshore grid. From analysing the response obtained from
SEC which is shown in Fig. 4.9, the voltage of HVDC link can also be reduced

significantly comparing with conventional controllers. Hence, the FRT capability is
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Figure 4.9: System responses obtained through SEC with 35% voltage sag at on-

shore AC grid.
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that the conventional VC can not recover the nominal HVDC link voltage after so
long LLLG fault. From comparing the HVDC link voltage curve of de-loading VC
and de-loading NAC, The proposed de-loading NAC is able to restore the system
more rapidly with less voltage surge. Thus, NAC can significantly enhance the FRT
capability of the VSC-HVDC systems with de-loading strategy.

(3) System response to different reduced voltage levels at onshore AC grid: For
more comparing three methods in detail with numerical values, simulations with
different reducing voltage levels from 100% to 10% at onshore AC grid are imple-
mented in this section and displayed in Fig. 5.9. Since conventional control strategy
can not restore the system and maintain stability after LLLG fault which is longer
than 0.02s, it needs to be noticed that the fault in this part is selected to be cleared
after 0.02s for whole range comparison which is different from the previous section-
s. For such short time fault, the proposed de-loading NAC can not present obvious
advantage with de-loading VC in comparing currents at REC side and DC voltage.
However the proposed strategy still can provide slightly improvement on them and
especially significantly suppression on regulating currents at SEC side.

(4) System response to AC grid with parameters variations: Since the main AC
grid is extremely complex which consists of large amounts of electrical devices with
difficulties in fully detailed modelling like coupling reactors, transformers, AC fil-
ters different types of transmission lines or cables and REC itself, the parameter
variation at onshore AC grid side is regards as common phenomenon due to temper-
ature effects, minor internal faults, load change and aging of these components. The
parameter variation will cause mismatched and uncertain equivalent line impedance
in simulating system model. The robustness against AC grid parameter uncertain-
ties is tested and the comparison of two de-loading control strategies is illustrated
in this section. The mismatches on reactance and resistance will cause different e-
qually severe impact on FRT performance. Hence different level of mismatches are
also evaluated in this section. From (a) and (b) of Fig. 4.13 with the simulation of
30% mismatch at onshore AC gird equivalent impedance, the proposed de-loading
NAC strategy can provide better transient performance comparing with de-loading

VC strategy. From comparing (c) and (d) of Fig. 4.13, the proposed de-loading
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NAC strategy can provide relatively smaller peak current and can relieve the impact
on power electronics devices in systems. From comparing (e) and (f) of Fig. 4.13,
the overshoots of DC voltage are also reduced via adopting the proposed de-loading
NAC strategy.

(5) System response to HVDC link with parameters variations: Besides mis-
matched parameters of on shore AC grid, VC controller is more sensitive to mis-
matched parameters of HVDC link. The (a) and (b) of Fig. 4.15 demonstrate that
the mismatched impedance of HVDC link will cause more severe oscillation when
regulating DC voltage and AC currents during onshore AC grid voltage sag. Sim-
ilarly, (c)-(f) of of Fig. 4.15 are used for evaluating the FRT performance under
different level of mismatches of reactance and resistance. Unlike mismatches of
parameters in AC grids which mismatches of resistance and reactance play equally
important roles on FRT performance, the mismatches of resistance play relatively
severe impact on DC link comparing the mismatches of reactance. From (c) and
(d) of Fig. 4.15, the peak AC current is suppressed and maintained into a relatively
small range via adopting the proposed de-loading NAC strategy. From (e) and (f) of
Fig. 4.15, although the overshoots of DC voltage varied obviously with fluctuation
of resistance and the peak value increases linearly with the equivalent resistance val-
ue, the proposed de-loading NAC strategy still suppresses the DC voltage effectively
comparing with conventional de-loading strategy.

(6) System response for evaluating the de-loading strategy with different droop
gains: For evaluating the FRT performance of adopting proposed de-loading strat-
egy with different droop gains, different droop gain Ky is adopted in de-loading
control strategies. Ky is selected from 0.2 to 0.4 and then the system response of d-
ifferent droop gains is illustrated in Fig.4.17. From comparing the simulation results
with different droop gains, for both VC and NAC, larger droop gains can suppress
AC currents and DC voltage overshoots more effectively. However, besides the FRT
performance there is control performance need to be considered. To compare the
control performance of each schemes in difference droop gains, the overall control
costs is calculated and provided in Table 4.3. Here control cost of SEC controller

T . . . .
Jo (Jthseca = Usecdini| + [ Useea — Usecaini | )dt, Where wiy; is the initial value which being set
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Table 4.3: Overall control costs of different control schemes with varying de-loading
droop gain

Droop gain Kg 0.2 0.25 0.3 0.35 0.4

Deloading VC 0.00965 | 0.01165 | 0.01365 | 0.01701 0.0197

Deloading NAC | 0.00969 | 0.01177 | 0.01385 | 0.01733 | 0.02008

in advance. The units of system variables are p.u.. The simulation time 7" = 6 s such
that all system states can converge to the equilibrium point after AC grid voltage sag.
Note that under the nominal model, NAC has a little bit higher IAE than VC due
to the estimation error, which the difference is only 0.414%, 1.02%, 1.46%, 1.89%
and 1.93% of the de-loading VC. For evaluating the different droop gains, it can be
found that increasing the droop gains although enhances the FRT performance and
also increases the control costs. In order to get satisfied FRT performance and also

maintain the acceptable control efforts, 0.3 is chosen for proposed control strategy.

4.5 Hardware-in-the-loop Test

4.5.1 Experimental platform

In order to validate the implementation feasibility of the proposed controller, a
HIL test is carried out based on dSPACE simulator. The experimental platform is
illustrated by Fig. 4.18. The configuration of the HIL test platform arrangement
is illustrated by Fig. 4.19. For the HIL test, since the pulse width modulation (P-
WM) and IGBT switching processes are added into system emulation machine and
however the controller is still designed for system-level, the gate signal sampling
time step is significantly smaller than the system-level time step [129] and there is
sampling time resolution difference. Besides sampling time difference, processes
of PWM and IGBT switching bring extra dynamics to the system modelling which
is regarded as unmodelled dynamics to the model which is used for controller de-
signing process mentioned in section II, hence the HIL test can also validate the
effectiveness of proposed FRT strategy in the presence of unmodelled dynamics.

As demonstrated in Fig. 4.19, the proposed SEC and REC controllers are embed-
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Figure 4.16: System responses obtained with 0.3s duration of voltage sag with dif-

ferent de-loading droop gains-1.
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ded into on one DSP board (ASPACEDS1104) with a sampling frequency f; = 0.5
kHz, Meanwhile the VSC-HVDC system with type-4 WECS which includes fault
detection and de-loading strategy are simulated on another dSPACE platform (D-
S1006 board) with the limit sampling frequency f» = 50kHz to make the emulating
system with detailed model as close to the real plant as possible. The necessary
measurements obtained from DS1006 platform is sent to SEC and REC controller
on another DSP board (ASPACEDS1104) for calculating required converter voltage
and sent back to DS1006 for corresponding converter PWM process via coaxial ca-
ble with Bayonet Neill-Concelman (BNC) connector. Since the communication link
is not very long as shown in Fig. 4.18, the communication delay is just few clock
cycles at most and can be normally regelated. However there is sampling frequency
difference between the controller and system emulator, so that the communication
process will still generates noises to the whole system and will cause fluctuation to

final FRT performance.

4.5.2 FRT performance during voltage sags

To verifying the effectiveness of the proposed FRT strategy, voltage sags with
different reduced voltage level is simulated at the onshore main AC grid in the D-
S1006 board. The HIL test result is shown in the Fig. 4.20. The test is taken at
Is, 3s and 5s with 30%, 50% and 70% voltage sags. DC voltage is recorded as
an example for their explicit original curves and being compared with the system
response obtained from simulation. From the comparison shown in the Fig. 4.20,
the system response obtained from HIL test has almost same performance as that of
the simulation test besides some inevitable fluctuations mentioned above. Therefore

The effectiveness of proposed de-loading NAC strategy is verified.

4.6 Conclusion

In this chapter, a novel NAC based REC controller and SEC controller have been
developed for VSC-HVDC transmission systems with wind farm integrated, which

can provide significant robustness against system uncertainties and rapid response
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to the de-loading process for enhancing the FRT capability. The proposed FRT s-
trategy effectively suppresses peak AC current surge and DC voltage rise during
AC mainland grid fault and hence preventing serious mechanical stress to the pow-
er electronic devices. The proposed NAC adopts HGPOs and HGSPOs to obtain
estimates of the system states and perturbation terms. Therefore it can compensate
the perturbation in real-time and provide optimal performance over whole system
operation range and control performance will not degrade for the system nonlinear-
ity during severe faults. Simulation results verify that the effectiveness of proposed
FRT strategy of enhancing the FRT capability, especially in the presence of system
parameter uncertainties. Then the proposed controller is embedded into the dSPACE
simulator for HIL test, results validate its implementation feasibility.

As presented in this chapter, the NAC based control strategy is applied to the
VSC-HVDC system with offshore wind farm integration for whole system fault ride
through capability enhancement. In the next chapter, the control strategy which is
applied to multi-terminal VSC-HVDC system with offshore wind farm integration
will be modified.
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Chapter 5

Perturbation Observer based Robust

Passivity-based Control for
VSC-MTDC Systems

5.1 Introduction

Large-scale integration of offshore wind power to the main grid presents a num-
ber of technical, economical, and environmental challenges [130]. With the capacity
and distance of offshore wind farm increases, conventional AC transmission system
displays serious drawbacks, e.g., long AC cables usually produce significant amount
of capacitive current which often limits the transmission capacity and requires extra
reactive power compensation. Besides, AC connections require to be operated syn-
chronously between the wind farm and the power grid. Therefore, all faults occur in
either grid are propagated in the other [131].

Currently, line-commutated converter (LCC) based HVDC (LCC-HVDC) is re-
garded as a mature technology on overhead lines and an economical solution with
higher power ratings. Conventional LCC-HVDC transmission using line-commutated
thyristor valves has higher power rating and is capable of very high transmission
voltage. It is also characterized by higher transmission efficiency. However, for con-

necting offshore wind farms, its disadvantages are obvious: coarser reactive power
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control and cannot control the active power and reactive power independently, re-
quiring strong AC power source to maintain operation and own black-start capabil-
ity, requiring AC&DC harmonic filter to eliminate generated harmonic distortion.
Moreover, extra auxiliary equipments like filter and power source comparing with
VSC cannot meet the space requirements of offshore substation application. There-
fore, there is no LCC-HVDC offshore substation in operation. In contrast, voltage
source converter based high voltage direct current (VSC-HVDC) technology using
pulse-width modulation (PWM) with lower harmonic distortion of AC-side voltage,
as well as fewer auxiliary filters, attracts noticeable attention around the globe. It is
more suitable for offshore wind farm connection, in which active and reactive pow-
er can be independently controlled and VSCs are able to operate in weak or even
passive networks [72]. In the Nanao project [132] which is the world’s first multi-
terminal VSC-HVDC transmission project in operation. The project is designed
with ratings of & 160kV/200MW-100MW-50MW to transmit dispersed, intermit-
tent wind power generated on Nanao island into the mainland. A crucial task of
VSC-HVDC system is how to design proper control schemes to achieve satisfactory
system performance.

In general, linear control methods using proportional-integral (PI) loops are
widely adopted for VSC-HVDC systems. However, the VSC-HVDC systems with
wind farm connection are highly nonlinear resulted from converters, wind turbine
aerodynamics, highly stochastic wind speed, and power grids with various system
uncertainties like power angle and uncertain output impedance. Hence, their control
performance may be dramatically degraded as its control parameters are determined
from one-point linearization model [76]. In order to tackle this thorny problem, ro-
bust controller for VSC-HVDC systems is required to ensure a consistent control
performance under various system uncertainties, such as adaptive backstepping [79]
and robust sliding-mode control [88], which have been developed to greatly im-
prove system robustness via estimation compensation of unknown constant or slow-
varying system parameters. However, the parameter estimates via these estimation
functions may drift in the presence of measurement noise and greatly increase the

energy consumption.
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Furthermore, the above applications are merely applied to two-terminal VSC-
HVDC systems. In the multi-terminal VSC-HVDC (VSC-MTDC) system frame-
work, not only the DC voltage and power transmission stability need to be self-
controlled, but also an appropriate coordination among different terminals are need-
ed. Thus far, several coordinated control schemes have been developed for VSC-
MTDC systems, such as adaptive droop control [58], which can share the burden
according to the available headroom of each converter station. Meanwhile, an adap-
tive backstepping droop controller is proposed in [59], which can adaptively tune the
droop gains to enhance control performance of traditional droop controllers by con-
sidering DC cable dynamics. Moreover, power-dependent droop-based control strat-
egy is proposed in [60] so as to offer enhanced dynamic responses during AC/DC
faults and large power scheduling changes.

Generally speaking, the aforementioned approaches merely consider the control
problems as a pure mathematical issue, while the physical/engineering background
of the given object is somehow ignored. In order to enable the power sharing among
each controlled converter of the MTDC system at the same time without commu-
nications, advanced control is required. The passivity-based control (PC) offers
a powerful tool to beneficially exploit the physical property of a given engineer-
ing problem, upon energy interconnection and assignment, to achieve a satisfactory
transient response with relatively low control efforts [61]. Because of relatively
low control efforts, PC is very attractive when operating the MTDC with offshore
wind farm integration. Relatively high-frequency reactive and active power regula-
tion in MTDC with offshore wind farm integration strengthen the advantage of PC.
However, conventional PC [133] is highly sensitive to the uncertain system param-
eters and requires a detailed system model. To handle such issue, a perturbation
observer based robust passivity-based control (PORPC) scheme is proposed for an
N-terminal VSC-MTDC system, in which the combinatorial effect of interaction
between different terminals, unmodelled dynamics and unknown time-varying ex-
ternal disturbances is aggregated into a perturbation, which is estimated online by
a high-gain state and perturbation observer (HGSPO) [121, 63] and can be repre-

sented as a chained-integrator system associated with matched nonlinearities and

Yiyan Sang



5.2 N-terminal VSC-MTDC System with Offshore Wind Farm Modelling 117

disturbances. Moreover, PORPC does not require an accurate VSC-MTDC model
and only the DC voltage, active and reactive power need to be measured. Further-
more, it provides a faster transient response with low control efforts as passification
[133] is adopted to carefully reshape the system damping.

The main novelties and contributions of this chapter can be summarized as fol-

lows:

e The active/reactive power control can achieve reliable and robust decoupling con-
trol with fast responses in randomly time-varying wind power outputs and severe

grid faults;

e Compared to reference [63], there are three improvements listed as follows, (1) a
DC link voltage droop controller with appropriate droop constant is introduced into
PORPC of each terminal, which can provide immediate response to the grid unbal-
anced conditions, (2) The wind farm modelling is considered during the controller
design process, in which the controller parameters are modified during this case, (3)
The implementation feasibility of PORPC is validated through several case studies

on Simulink and real-time hardware in-loop (HIL) test based on dSPACE platform;

e The DC voltage regulation control aims to rapidly compensate various DC ca-
ble modelling uncertainties, such as unpredictable power losses, inaccurate series
resistance and inductance, and external disturbances resulted from randomly time-

varying wind speed conditions;

5.2 N-terminal VSC-MTDC System with Offshore Wind
Farm Modelling

As same as the previous chapters, the mathematical model of investigated N-
terminal VSC-MTDC system which is illustrated in this sections is established under
the synchronous dgq frame. Lumped parameter model of the AC system is considered

in this modelling section. The AC network is represented via series connection of
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VSC;

Figure 5.1: One terminal in an /N-terminal VSC-MTDC system.

AC power systems and transmission lines. The corresponding AC system which is
interfaced to a VSC at the point of common coupling (PCC) through the transformer.
VSCsin N-terminal VSC-MTDC system are represented by averaged model during
modeling the N-terminal VSC-MTDC system in this section. As mentioned, since
the synchronous dq frame is adopted in the modelling part, the dg frame is placed
on corresponding AC system terminals firstly. The same PLL used in Chapter 4
is applied for the transformation from the abc frame to the dg frame. During the
transformation the d-axis is locked with the voltage V;; for decoupled control in the
VSCs. As same as the model mentioned previously, the AC system is assumed as
balanced, i.e., the three phases are identical while each phase shifts 120° between
themselves.

Take one terminal of an N-terminal VSC-MTDC system as an example which
is illustrated in Fig. 5.1. On AC side of the VSC, the system dynamics can be

expressed at the angular frequency w; as [58]

{ la = — gl ey 2+ (5.2.1)

jqi = _%Iqi +wilai + ‘%’ + uL—q:
where Iy; and I; are the ith d-axis and g-axis AC current; Vyq; and Vy; are the ith
d-axis and g-axis AC voltage, in the synchronous frame Vg, = 0 and Vo = V5; ug;
and u,; are the ith d-axis and g-axis control inputs; I; and L; are the ith resistance
and inductance of the VSC transformer and phase reactor.

Since the resistance of the VSC reactor and switching losses (around 2% of the

whole power ratings) are not considered, the active power P; and reactive power ();
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on the ith VSC can be expressed as follows [58]

P; = 3(Vagilgi + Vaailai) = 3Viqily;
{ 23( qitq d d) 23 qi-q (5.2.2)
Qi = 5 (Vagilai — Veailyi) = 3Vagilai
Corresponding DC cable dynamics are expressed by [58]
Vci - ;Pz - L]ci
{ S Taac Gt (5.2.3)
I = L—Cinci — I. I — L_Ci‘/cc

where C; and C., are the ith and common DC capacitance which voltages are denoted
by Vg and V., respectively; R.; and L; are the resistance and inductance of the ith
DC cable; and [ is the current flowing through the ith DC cable.

The dynamics of the common DC capacitor can be expressed according to the

Kirchhoff’s current law and shown below
LN
Vee = = I 5.2.4

The global model of the /N-terminal VSC-MTDC system is summarized as follows

(

jdi = —%Id[ + wilq[ + ‘Eji + uL_it
[y = —%Iqi + wila; + 12—05
Vier = szatla L yi=1,...,N (5.2.5)

2V4eiCi Ci
1y, _Raiy _ 1
ICl — T Vdcz Loi ICI T ‘/cc

. 1 N
‘/cc - C. Zizl Ici

0

Besides normal grid models which are usually considered as fixed power sources
that connect to the VSC-MTDC model, the grid with high wind power penetration
(20%) is considered as well. The offshore wind farm simulated in this chapter adopts
an aggregated model such that a lumped wind turbine is used to represent the whole
wind farm [134]. In particular, the wind turbine dynamics is represented by a two-
mass model while the blade pitch angle is assumed to be a constant. According
to wind turbine aerodynamics, the mechanical power P, extracted from wind is

described as follows [136, 135]

1
Py = §pArcp()\, 0)v? (5.2.6)
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where P, is the power extracted from the wind; p is air density; A, is the area
covered by the rotor; v, is the wind speed; and ¢, is the power coefficient; ¢ is the
pitch angle of rotor blades; A is the tip speed ratio which A = * with v; is blade tip
speed [137, 138]. Here ¢, can be described by

151
¢p(A0) = 0.73(~

— 0.580 — 0.0020** — 13.2)e 184/ (5.2.7)

7

where

1
A= —1—503 (5.2.8)

—0.003
2—0.020 ~ 03+1

5.3 PORPC Design for N-terminal VSC-MTDC Sys-

tem

5.3.1 Rectifier Controller Design

Denote the first VSC as the rectifier such that DC voltage V., and reactive power
(01 can be regulated to their references V, and ()7, respectively. Define the tracking
error

€ = [6117 612]T = [Vdcl - Vd*cp QO — QT]T,

Differentiate e; until control inputs u; and uq; appear explicitly, gives

. _ 3Vaq Ry
i = 2C1 Vye1 [ Ly [ql Twila

_ o (3Vequlqr 3Viq1
CiVaer ( 2Vael La )| + 2C1L1 Vae, al
) .
_ma/dcl - Rcllcl - ‘/CC) - V:j*cl
b _ 3‘/;(11 Rl ‘/sql 3‘/;(11 Nk
€2 = —5— <_L_1]d1 +wilg + 75 ) + S ua — Q7

(5.3.1)

\

It can be seen that system (5.3.1) includes two decoupled SISO subsystems, in which

Vet 1s controlled by uq; and @)y is controlled by w41, respectively.
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The perturbations of system (5.3.1) are defined as

3Vsqi Ry
Uy () = —ovsat [ g
u() 2C1 Ve [ L

Iql <3‘/sq1[qu )]
- cl
CVl‘/dcl 2‘/:101

1

- Vc - RC IC - chc

C1Lc1( decl 14cl )

3‘/vsql
26(llevdcl
3V R Vs
@12(') = 2q1 (——lfdl + w1[q1 + Cﬂ)
3‘/sql
214

+wilqn

+ ( — bi1)uq (5.3.2)

+ ( — bi2)uar (5.3.3)

And system (5.3.1) can be expressed by

(5.3.4)

€11 = W1i(+) + briug — ‘“/d*cl
é12 = Via(+) + biguar — QT

where b7 and b5 are constant control gains.

A third-order HGSPO is designed to estimate Wy, (-) as

‘/dcl = &(V:icl - Vdcl) + ‘./dcl
‘@01 = \1}11(') au (Vdcl - Vdcl) + bl1uq1 (5-3-5)
@11(') M3 (‘/dcl - ‘/dcl)

Then a second-order high-gain perturbation observer (HGPO) is designed to esti-

mate Wio(+) as

=0y ) an (@1 — Q1) + bigua (53.6)

‘1’12( ) = (Ql Ql)

where a1, a2, a3, /)4, and o), are observer gains, with 0 < € < 1.

The PORPC for system (5.3.1) using the estimate of states and perturbations is

designed as

ug = by [ \Ijll< ) — kll(f/dcl - Vi)
_k12(‘/dc1 - Vdcl) + ‘/dizl + V11] (537)
Udr = b1_21(_‘i112(‘) - kln(@l —Q7) + QT + v12)
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where k11, k12 and k, are feedback control gains and V; = [y, 1/12]T is an addi-
tional system input.

Choose the output of system (5.3.1) as Y; = [V}, Yo]T = [Vdcl — Vd’;l, Q1 —
Qi]*. Then let Vi = [—\;1 Y1, —A2Y1o]|T, where Ay and A, are some positive
constants to inject an extra system damping into system (5.3.1). Based on the pas-
sivity theory, the closed-loop system is output strictly passive from output Y; to
input V; [61].

Constant gains by; and b1, must satisfy the following inequalities to guarantee

the convergence of estimation error when the VSC operates within its normal region:

3Vaq1/[2C1 L1 Vaer (1 — 011)] > b1y
> 3VSq1/[201L1VdC1(1 + 911)] (5.3.8)
3Vt /[2L1(1 — 012)] > bia > 3Vir /2L1 (1 + 612)] (5.3.9)

where 0 < #;; < land 0 < 65, < 1.

During the most severe disturbance, both DC voltage and reactive power reduce
from their initial values to around zero within a short period of time A. Thus the
boundary values of the estimate of states and perturbations are limited as |Vdc1\ <
Vil Vaal < [Vial/A [0u()] < [Vial/A% [Qif < [Q3]. and [¥1s(-)] <
|Q7|/A, respectively.

5.3.2 Inverter Controller Design

The second and third VSCs are chosen as the inverters which regulate active
power P and reactive power (), to their references P, and ()}, respectively, where

k = 2, 3. Define tracking error with droop controller embedded [139]

er = [ex1, er2)t = [Pr — Pf = R(Vager, — Vi), Qx — Q7]

where R = VIDD gi:z;j;k with p, denotes the droop constant, Pycpeqr 18 the rated

power and Vpcraedr, 18 the rated DC voltage of the kth DC terminal.

Yiyan Sang



5.3 PORPC Design for N -terminal VSC-MTDC System 123

REMARKS 1. The values of the droop constant are designed according to the
ratings of the converters. For a fixed droop scheme it is usual to choose p; Pacratedi =
Pj Pacraed;, Vi, j. [58]. In this chapter, as 20% wind power is penetrated into terminal
3, the rating of terminal 3 is considered as 120% of terminal 2. Therefore, the droop
constant of terminal 2 is chosen to be 85% of the terminal 3 considering power fluc-
tuation of wind generation. After determining the stability region of MTDC system
through modal analysis [58], the value droop constant of terminal 2 and terminal 3
are selected to be 0.035 and 0.0295, respectively. Since the droop constant is un-
equal , the ones with higher values would have dominant contribution from active

power control loop. Smaller would ensure lesser deviation in DC link voltages.

Differentiate e, until control inputs vy and uq, appear explicitly, it yields

. 3V 3V :
e = % (= Iy — welak by
2 L4 2L k
. 3V§qk sqk 3V§qk Nk (5.3.10)
€ro = —2 Idk; + wquk + ) + 2L, Udqr, — Qk

It can be seen that system (5.3.10) includes two decoupled SISO subsystems, in
which P, is controlled by u;, and @)y, is controlled by wg, respectively.

The perturbations of system (5.3.10) are defined as

3Vsak Ry, 3Veak
Upi() = 2q (_L_k ak —wkldk> + ( 2L(11 — br1) Uk (5.3.11)
3Viqk Ry, Vigk
YU.o(-) = d S I q
k2(+) 5 ( T dk + Wrlgr + Lk)
3Vs
( 2L‘:“ — bra)tta (5.3.12)

And system (5.3.10) can be expressed by

éx1 = Uy () + bpyugs — P
{ = Val) + by = 5 (5.3.13)
ér2 = Via(+) + bpouar — Qj
where by, and by are constant control gains.
A second-order HGPO is designed to estimate W (+) as
= P, — B) + bu
k() + (P ) + bkt (5.3.14)

‘Ifkl( ) =% (Pk — P
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Similarly, a second-order HGPO is designed to estimate Wj4(-) as

Qk = W) + %(Qk — Qr) + brzuar

: N X (5.3.15)
Uio(-) = 52 (Qr — Qr)

where a1, aga, ), and o, are observer gains.
The PORPC for system (5.3.10) using the estimate of states and perturbations is

designed as

{ gk = b (= Vi (1) — k(B — PE) + Pf + vja) (5.3.16)

udr = by (— Va2 () — kjy (Qu — QF) + Q. + vi2)

where ky; and kj, are feedback control gains and Vi = vy, I/kQ]T is an additional
system input.

Choose the output of system (5.3.10) as Yy, = [Yi1, Yao|" = [Po— P}, Qr—Q;]".
Let Vi, = [~ A1 Y, —)\ngkg]T, where )\, and A\ are some positive constants to
inject an extra system damping into system (5.3.10). And the closed-loop system is
output strictly passive from output Yy, to input Vy.

Similarly, constant gains by; and bg, must satisfy:

3Viar/ 2Lk (1 — k1)) > b1 > 3Vi/[2Lk(1 + Ok1)]
3Vaar/ 2Lk (1 — Ok2)] > bra > 3Viw/[2Lk (1 + Ok2)]

where 0 < 0,; < land 0 < 65 < 1.

Again, the boundary values of the estimate of states and perturbations are lim-
ited by [P < [Bf|, [0 ()] < [B7[/A, |Ql < Q7 and [Wro()] < [QFI/A,
respectively. The overall control structure of PORPC (5.3.7) and (5.3.16) is illus-

trated by Fig. 5.2, Fig. 5.3 and Fig. 5.4, in which only the measurement of active
power P and reactive power (), at the inverter side, as well as the DC voltage V.,
and reactive power (), at the rectifier side is needed for the controller and observer
design. Note that their references are given by the power system operators to satis-
fy the practical transmission of electrical power or maintain power system stability
through VSC-MTDC systems. Lastly, the obtained control inputs are modulated by
the pulse width modulation (PWM) technique [140].
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Figure 5.2: Overall control structure of PORPC for terminal one in the VSC-MTDC
systems.

Yiyan Sang



5.3 PORPC Design for N -terminal VSC-MTDC System 126

Terminal 2

VSG, AC AC Network, I

Filters |

I abe |
I dq |
| A A, . .
. E Reactive Power Controller E |
I E d/dt [« 1 .
. : d2max -+ Q’ E l
I E -1 i ' = D—Z E .
. H bxn 2 T -k < : I

: :
! ! Ud2min Nz, |
I Y S - .
: | e 1 |
| A 1 an .
. [ Yall5 [ 2 | I
I I i | 0 -
. » b v + 0!'21 I

| = b2 > e ':
i Uqr : »l L Q2 | |
Reactive Power HGPO I

I e R G0 J

Active Power Controller

H

H
! Ug t/lg;max é |
1 [
! by H I

I H J ;
. § uq2min 5 |
| N PR H .
! ' |
! | |
! | !
| ' | :
i | !
. Lf&ctiveﬂwer HGPO i _ § - J. L I

Figure 5.3: Overall control structure of PORPC for terminal two in the VSC-MTDC
systems.
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Figure 5.4: Overall control structure of PORPC for terminal three in the VSC-

MTDC systems.
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5.4 Case Studies

In this section, a three-terminal radial VSC-MTDC system connected to an off-
shore wind farm is built for simulation which is illustrated by Fig. 5.5, in which
the rectifier regulates the DC voltage and reactive power of AC grid,, while one
inverter regulates the active and reactive power of the AC grid, and another inverter

regulates the active and reactive power of the offshore wind farm with AC grid,.
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PORPC is applied on a three-terminal radial VSC-MTDC system demonstrat-
ed by Fig. 5.5, the corresponding controller parameters are tuned to improve the
robustness in the presence of time-varying wind farm power outputs and weak grid-
s connection. The three-terminal radial VSC-MTDC system parameters and the
control parameters of PORPC are given in Table 5.1 and Table 5.2, respectively.
According to the ratings of the individual converter station in three-terminal radial
VSC-MTDC system, the droop constant is chosen to be 0.1. The detailed control
block is illustrated in Fig. 5.6. The control performance of PORPC is evaluated un-
der various operating conditions in a wide neighborhood of initial operating points,
and compared to that of PI control [76, 141]and PC [133]. Due to the security
requirement of converters, the control inputs are bounded as |uq| < 0.8 per unit
(p-w.), |uar| < 0.6 p.u., |uqx| < 0.8 p.u., and |ugx| < 0.6 p.u., respectively [142].

Remark 2. For the observer gains shown in Table 1, they usually range from
103—10° to provide a proper trade-off between estimation speed and peak value [63].
A larger observer gain will accelerate the estimation rate but also produce a higher
peak value at the moment when system operation condition varies, while a smaller
observer gain would not effectively track the output thus degrade the estimation
performance significantly. This chapter chooses them to be 1250 through trial-and-
error among this range. For the control gains, they are chosen as so to provide a
proper trade-off between the control costs and tracking speed. A too large control
gain will rapidly track the output but also result in higher control costs, while a too
small control gain might not control the output fast enough but with low control
costs. In this chapter, it is selected to be 75 for active power though trial-and-error,
respectively. Note that a fast active power is preferred here as it is important to

respond quickly for the purpose of power support.

5.4.1 Case 1: Power Regulation

The initial active power of the converter station 2 and 3 are both 40 MW. At
0.5 s, the active power reference of converter station 2 is decreased to 30 MW. And
after 0.3 s, the active power reference of converter station 2 is further decreased to 20

MW. Meanwhile, the active power reference of converter 3 is increased to 50 MW
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Figure 5.6: Detailed DC voltage droop control block in the VSC-MTDC systems.

Table 5.1: System parameters used in the simulation

AC grids frequency f 50 Hz

AC grids base voltage VACh.ce 100 kV

DC base voltage VbCyaee 150 kV
System base power Shase 100 MVA

AC grids resistance (25 km) | R, Ra, R3 0.05 Q/km

AC grids inductance (25 km) | L1, Lo, L3 | 0.026 mH/km

DC cable resistance (50 km) Ry 0.21 Q/km
DC bus capacitance C,Cy,C4 11.94 uF
Common DC capacitance Ce 19.95 uF
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Figure 5.7: System responses obtained under normal operation condition-1.
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Rectifier controller parameters
k11 =120 k12 = 25 A1 =5 b1y =2
bi2 = 0.05 kK, =175 A2 =5
Rectifier observer parameters
a1 = 1250 | a;p=52x10° | a3 =6.7x 107 | o = 420
oy =5 x 10 A=0.05s e=0.1
Inverter controller parameters, k = 2,3
ki =175 ki, =75 by =0.1 bro = 0.1
A1 =6 M2 =6 pr = 0.04
Inverter observer parameters, k = 2,3
o = 410 e =5 x 107 oy = 420 = 4 x 10
A =0.05s e=0.1

Table 5.2: Control parameters used in the three-terminal VSC-MTDC system.

After 0.3 s, the active power reference of converter 2 is further increased to

60 MW. While DC voltage of the rectifier V, is regulated at the rated value. The
system responses are provided by Fig. 5.8. When ¢ = 0.5 s, the active power of the
converter station 2 decreases from 40 MW to 30 MW. Thus, the active power of the
converter station 1 increases to -70 MW resulted from power balance. The converter
stations 1 realizes the power balance and the DC voltage control. The active power
is -80 MW initially. When ¢ = 0.8 s, the active power of the converter station 2
decreases from 30 MW to 20 MW. Thus, the active power of the converter station
I increases to -60 MW. When ¢ = 1.7 s, the active power of the converter station 3
increased from 40 MW to 50 MW. Thus, the active power of the converter station 1
decreases to -70 MW. When ¢ = 2.0 s, the active power of the converter station 3

decreased from 50 MW to 60 MW. Thus, the active power of the converter station 1
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Figure 5.9: System responses obtained under the 10-cycle LLLG fault at AC bus 1.

decreases to -80 MW.

From the above analysis, one can find that the overshoot of active and reactive
power is completely eliminated by PC and PORPC compared to that of PI control,
which is resulted from the full compensation of nonlinearities. Note that PORPC
can achieve as satisfactory control performance as that of PC due to the real-time
perturbation compensation, their tiny difference is caused by the estimation error

when the power tracking starts.

5.4.2 Case 2: 10-cycle line-line-line-ground (LLLG) Fault at AC

Buses

A 10-cycle LLLG fault occurs at AC bus 1 from 0.2 s to 0.3 s. Due to the fault,
the voltage at AC bus 1 is decreased to a critical level. Fig. 5.9 shows that PORPC
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and PC can rapidly restore the system with less active power oscillations than PI
control. Thus, PORPC can effectively restore the disturbed VSC-MTDC system as

an extra system damping is injected.

5.4.3 Case 3: Offshore Wind Farm Connection

In order to investigate the effect of the high percentage penetration of wind pow-
er [143, 144] into the VSC-MTDC system, AC networks is connected to an offshore
wind farm. Under such framework, the power grid with offshore wind farm generate
time-varying wind power variation which results in a fluctuated power flow at DC
terminal. To study this circumstance, a wind speed oscillation occurs from 0 s to
4 s using auto-regressive and moving average (ARMA) time series models [145] is
simulated. As illustrated in Fig. 5.10, it shows that PORPC can effectively track
the active and reactive power. As PORPC does not need an accurate VSC-MTDC
system model, an improved control performance can be achieved compared to that

of other two methods.

5.4.4 Case 4: Weak Power Grid Connection

Weak power grids are generally defined by the following two aspects [146, 147]:
(1) Low effective short circuit ratio (ESCR) which means the impedance relative to
the DC power is high, and (2) Low effective DC inertia constant H4. which means
the inertia of AC system is low. The ESCR is defined as S%(?C where S is the AC
system three-phase symmetrical short-circuit level in MVA at the HVDC converter
terminal at AC side. Here, Py is the rated DC terminal power in MW, and Q). is
the value of three phase fundamental Mvar of all shunt filters and capacitor banks
on the bus bar that are connected. The effective inertia constant Hg. is defined
as H P% where H is conventional inertia constant of the machine in the AC grid
[148]. The power grids with ESCR less than 2.5 are defined as high impedance
systems. The AC system with . less 2 are defined as inadequate inertia system
which has limited generation and cannot maintain the normal frequency deviation

(less than 5%) [148]. This case attempts to investigate the system performance when
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Figure 5.10: System responses obtained when an offshore wind farm is connected
to the VSC-MTDC system.
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Table 5.3: IAE index of different control schemes

IAE index in VSC-HVDC
Method Case Power Regulation 10-cycle LLLG Fault
PI PC PORPC PI PC PORPC
IAEq, 4.18E-02 | 3.26E-02 | 3.49E-02 | 2.62E-01 | 1.13E-01 | 5.54E-02
IAEv, 6.54E-03 | 5.16E-03 | 5.28E-03 | 1.75E-01 | 1.02E-01 | 3.71E-02
IAEq, 3.05E-02 | 2.41E-02 | 3.02E-02 | 3.53E-01 | 2.48E-01 | 6.88E-02
TIAEp, 3.80E-02 | 2.83E-02 | 3.03E-02 | 2.93E-01 | 3.07E-01 | 8.18E-02
TIAEq, 3.07E-02 | 2.43E-02 | 2.99E-02 | 3.52E-01 | 2.47E-01 | 6.89E-02
IAEp, 3.82E-02 | 2.89E-02 | 3.04E-02 | 2.92E-01 | 3.05E-01 | 8.19E-02
IAE, 2.68E-01 | 2.88E-01 | 3.10E-01 | 1.48E-01 | 1.11E-01 | 1.14E-01
Method Case Offshore Wind Farm Connection Strong Power Grid Connection
PI PC PORPC PI PC PORPC
IAEq, 6.63E-02 | 6.84E-02 | 2.16E-02 | 5.13E-02 | 4.86E-02 | 2.62E-02
IAEp, 7.67E-02 | 1.04E-01 | 1.27E-02 | 5.71E-02 | 2.85E-01 | 2.17E-02
IAE, 3.32E-02 | 2.99E-02 | 3.15E-02 | 2.92E-02 | 2.89E-02 | 2.35E-02
Method Case Weak Power Grid Connection
PI PC PORPC
IAEq, 7.15E-02 | 6.46E-02 | 7.23E-02
IAEp, 8.91E-02 | 3.24E-01 | 4.73E-02
IAE, 4.02E-02 | 4.19E-02 | 3.67E-02

the system is made progressively weaker by decreasing effective DC inertia constant

and ESCR of the AC grid with reduction of / and increase of impedance of the

grid, respectively. A strong power grid which ESCR equals 4.3 and H,. equals 2.7,

while a weak power grid which ESCR equals 2.1 and Hy. equals 1.7 are connected

to terminal 2 during simulation, respectively. The control performance of the test

results are provided in Table 5.3.
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5.4.5 Comparative Studies

To compare the control performance of each schemes in all four cases, the in-
tegral of absolute error (IAE) index is calculated and provided in Table 5.3. Here
IAEq, = J; 1Q1 — Qildt, IABy,, = [} [Vaer — Vi |dt, TAEq, = [ |Q2 — Q3ldt,
IAEp, = [ |P, — P;|dt, IAEg, = [ |Qs — Q;|dt and IAEp, = [ |P; — P;|dt.
The units of system variables are p.u.. The simulation time 7" = 6 s such that all
system states can converge to the equilibrium point. Note that PORPC has a little
bit higher IAE than PC under the nominal model due to the estimation error, while
PORPC has similar IAE compared to PI control in the presence of system param-
eter uncertainties. However, IAEg,, IAEy, ,, IAE,, IAEp,, IAE, and IAEp,of
PORPC are only 15.93%, 4.68%, 13.69%, 12.87%, 13.92% and 13.3% of that of
PC. Furthermore, PORPC provides greater system damping as it has the lowest IAE
when the 10-cycle LLLG fault at AC buses occurs. In particular, IAEg, and IAEy,
of NAC are only 21.14% and 21.2% of those of PI control when the fault occurs at
AC bus 1, while IAE, and IAEp, of PORPC are only 19.49% and 27.92% of those
of PI control when the fault occurs at AC bus 2. Finally, the overall control efforts
of different approaches are also presented, here IAE, = fOT S (| + Juasl)dt,
one can find PORPC needs similar control efforts to that of PI control and PC but

provides great robustness.

5.5 Hardware-in-the-loop Test

A dSPACE simulator based HIL real-time implementation test is carried out
to test the implementation feasibility of PORPC, while the experiment platform is
demonstrated in Fig. 5.11. The whole system is modelled with multiple sampling
rates. The time resolution of the gating signals of industrial controllers is normally
a few microseconds [149] which is far bigger than real-time simulation sampling
steps. The rectifier controller (5.3.7) and inverter controller (5.3.16) are implement-
ed on one DSP board (ASPACEDS1104) with a sampling frequency f. = 0.5 kHz,
and the VSC-MTDC system is simulated on another dSPACE platform (DS1006
board) with the limit sampling frequency f; = 50 kHz to make HIL simulator as
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close to the real plant as possible. The measurements of the reactive power ()1, D-
C voltage Vg1, active power P,, reactive power (o, active power P3 and reactive
power (Y3 are obtained from the real-time simulation of the VSC-MTDC system on
the DS1006 board, which are sent to three controllers implemented on another DSP
(dSPACEDS1104) board for the control outputs calculation.

5.5.1 HIL test: power regulation

The references of active power of converter 2 changes att = 0.3 s,¢ = 0.6 s and
finally decreases to 20 MW. Meanwhile, the reference of active power of converter
3 changes att = 1.9s,¢ = 2.2 s and finally increases to 60 MW, while DC voltage
is regulated at the rated value V; = 150 kV as similar as case studies investigated
in section 4. The system responses of HIL test and simulation are compared by Fig.
5.12, which shows HIL test results have almost the same performance as that of
the simulation results. Note that when the active power of the converter station 2
changes such as at 0.3s, the active power of the converter station 2 decreases from
40 MW to 30 MW, the active power of the converter station 1 increases to -70 MW

rapidly with some unavoidable propagated overshoot to keep the power balance.

5.5.2 HIL test: 10-cycle line-line-line-ground (LLLG) fault at
AC bus 1.

A 10-cycle LLLG fault occurs at AC bus 1 when ¢ = 0.1 s. Fig. 5.13 demon-
strates that the disturbed system can be rapidly restored as expected in section 4.
The system responses obtained by the HIL test is similar to that of simulation re-
sults with some communication glitches. Note that there is only tiny difference
between simulation result and HIL test result in Vy.; caused by the measurement
noise (less than 0.34%).

Remark 1. The difference between the simulation and HIL test demonstrated
in Fig. 5.12 and Fig. 5.13 is mainly resulted from the following three reasons:
(1) Some measurement disturbances exist in HIL test which are not regarded in the

simulation, a filter can be applied to remove it and improve the control performance;
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Figure 5.11: The experiment platform of the HIL test.
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Figure 5.13: HIL test results of system responses obtained under the 10-cycle LLLG
fault at AC bus 1.

(i1) The sampling holding and discretization of HIL test might introduce additional
errors compared to the continuous control in the simulation; and (iii) The existence
of time delay of the real-time controller, whose exact value is unlikely to obtain. A

time delay 7 = 2 ms is assumed in the simulation.

5.6 Conclusion

This chapter develops a PORPC for the VSC-MTDC system with integrated oft-
shore wind farm to improve the robustness against power fluctuation, system distur-
bances. The combinatorial effect of system nonlinearities, parameter uncertainties,
unmodelled dynamics and external disturbances, e.g., grid faults and time-varying
wind power output, is aggregated into a perturbation, which is fully estimated by
PO and compensated by PORPC, such that a considerable robustness and improved
system damping with reasonably low control efforts can be simultaneously achieved

via passification. PORPC does not require an accurate VSC-MTDC system model
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and only the reactive power and active power at inverter side, while DC voltage and
reactive power at rectifier side need to be measured. Besides, a DC link voltage
droop controller is employed to greatly improve the load share arranging response
to the grid unbalanced conditions. Future study will be focused on employing op-
timization algorithms, e.g., genetic algorithm (GA) or particle swarm optimization
(PSO), to optimize the parameters selection procedure of PORPC. Four case studies
have been undertaken to evaluate the control performance of the proposed approach,
including power regulation, AC bus fault, offshore wind farm integration, and weak
power grids connection, respectively. Simulation results verify that PORPC can
maintain consistent control performance and provide significant robustness under
various operation conditions of VSC-MTDC with wind farm integration. Moreover,
an HIL test has been carried out through dSPACE simulator which validates the
implementation feasibility of the proposed scheme.

As presented in this chapter, the PORPC based control strategy is applied to the
VSC-MTDC system, and corresponding dynamic performance has been improved.
In the next chapter, the conclusion of the thesis and corresponding further discussion

will be given.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions

As the summary of the results obtained in this thesis, the research works present-
ed have effectively improved the dynamic performance of the VSC-HVDC system
via developing advanced control strategies for different control layers. Hence in
the practical application projects, the potentialities of VSC-HVDC system can be
further developed. As the first part of this thesis, the general background of the
HVDC is provided in Chapter 1. Differing from the classic LCC based HVDC,
VSC-HVDC is emphasized for its variable application purposes in the recent prac-
tical projects. MMC which is the most popular VSC topology option adopted by
recent VSC-HVDC practical projects has also been introduced. The first chapter
in this thesis also provide the general research review on control strategies which
are applied to MMC current regulation, point-to-point VSC-HVDC system control,
FRT capability enhancement of VSC-HVDC system with wind farm integration and
coordinated operation of MTDC with wind farm integration.

The other parts of the research work presented in this thesis can be summarized

as follows:

e Passivity of the system is derived for stabilization independently of the no-
tion of energy shaping. Passivity based control is proposed to improve system

damping performance via passivation which remaining the parts of useful sys-
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tem nonlinearities. Through applying the PBC in the MMC lower-level cur-
rent controller in chapter 2, the control costs can be effectively saved while

ensuring the system global stability.

e The robustness of the two-terminal VSC-HVDC system requires to be in-
vestigated and improved due to its variable application purposes. SMC is
proposed in VSC converter higher-level voltage controller for its inherent ad-
vantages of enhancing system robustness against some system disturbances.
Considering the operation conditions of the two-terminal VSC-HVDC sys-
temone improved SMC which is named as POSMC is proposed in chapter
3 for suppressing the chatting effects and enhancing the robustness against

comprehensive perturbation via adopting SMSPO.

e The FRT requirements inspired by nowadays strict grid code raise the chal-
lenges for transmission system which is used for renewable energy source in-
tegration. VSC-HVDC transmission system is regarded as the favourable so-
lution for renewable energy source integration, especially offshore wind farm
integration due to its inherent benefits. FRT capability of offshore wind farms
with VSC-HVDC transmission systems connected is investigated. NAC is ap-
plied in VSC voltage higher-level controller for FRT capability enhancement
and combined with the de-loading strategy which is designed deliberately for
offshore wind farm FRT processes. Hence the FRT capability of VSC-HVDC
transmission system with offshore wind farms integration is enhanced effi-

ciently without installing any extra hardware devices.

e Recently MTDC system draws attention to the future embedded DC grid plan-
ning. With renewable energy sources connection and future flexible operation
requirements between generation and load, the stability of the MTDC requires
investigation and corresponding efficient guarantee means. Enhanced PBC
which is called as PORPC is proposed in converter higher-level voltage con-
troller to enhance the robustness against system uncertainties. As mentioned
above, through comparative studies on different controllers, the proposed con-

troller can handle 80%-120% system parameter mismatches. PORPC is com-
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bined with well-proven droop control strategy which is essential to the MTDC
and micro-grid for proper load sharing under various operation conditions es-

pecially grid unbalance condition.

Necessary simulations and HIL tests are implemented for validating the effective-
ness of the proposed controllers. Since the effectiveness of the proposed controllers
have already been validated on investigated HVDC applications mentioned above.
However, there are some limitations need to be mentioned. Because of the com-
plexity of the proposed controllers, the proposed controllers require state-of-the-art
controller hardware for implementation. Although VSC-HVDC system is modern
technology, many projects which were built ten years ago lack equipping modern D-
SP for controllers and corresponding adequate computation capability for advanced
controllers. Therefore not all VSC-HVDC systems can be equipped with proposed
controllers. Besides, conventional LCC-HVDC systems still hold half share for
nowadays HVDC market which lack controllability in converters. Proposed ad-
vanced control methods are also not suitable for these built LCC-HVDC systems.
As for dual-infeed HVDC system which was proposed recently, the effectiveness of

advanced controller remains to be validated.

6.2 Future Works

Several related research directions which deserve further investigations are stat-

ed as follows:

e Advanced control theory used in this thesis can be further optimized via fur-
ther combination. For example, PBC which is applied for MMC low-level
current controller in chapter 2 . can be integrated into two-terminal VSC-
HVDC system with POSMC mentioned in chapter 3. However, the integra-
tion requires more complex HVDC mathematic model which is totally dif-
ferent from mathematic model mentioned in chapter 2 and 3. Better dynam-
ic performance is expected to be achieved via integration but more complex

mathematic model remains to be developed.

Yiyan Sang



6.2 Future Works 148

e Hardware implementation of advanced control theory is one serious obstacle
during the advanced control application process. Current computation capa-
bility limitation of the existing controller hardware like DSP, FPGA and CPU
requires optimization on designing advanced controller. Controller is required
to be designed to be more robust to face the time delay brought hardware com-

putation limitation.

e For controller parameter tuning, there is various optimisation methods under
rapid development. Future study will be focused on employing optimization
algorithms, e.g., genetic algorithm (GA) or particle swarm optimization (P-
S0O), to optimize the parameters selection procedure of control method pro-

posed in the thesis

e Other system overriding control strategies like power synchronization control
will take into consideration with advanced converter controller. Integrating
with more controllers in different layers requires further investigation on sys-
tem mathematic model. Hence system mathematic model will also be inves-

tigated and developed in the future study.
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