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Abstract

This PhD thesis is focused on modelling and control of advanced HVDC Systems for

integration renewable energy and power delivery for power system transient stability:

The first part of the thesis is concerned with the dynamic aggregated modelling of the large-
scale offshore wind farms including the two mainstream variable-speed wind turbines, the
WT-DFIGs and WT-PMSGs and their integration into the electricity transmission systems
via the point-to-point VSC-HVDC links. The dynamic aggregated modelling method of the
large-scale offshore wind farms are firstly proposed to achieve the effective representations
of these wind turbines for the balance between the computational time and requirement of
simulation accuracy for transient stability analysis. The dynamic modelling of the point-to-
point VSC-HVDC systems and their control strategies for grid integration of offshore wind
farms are investigated. And the comparisons of two control schemes of rectifier-side
converter in VSC-HVDC link are carried out to evaluate their dynamic performance for grid
integration of the large-scale offshore wind farms consisting of the WT-DFIGs and WT-

PMSGs in terms of transient stability.

The second part of the PhD thesis is to address the advanced power transmission systems
with innovative HVDC configurations. Based on the characteristics of CSC-HVDC systems,
the feasibility studies of the upgrade schemes of the existing monoplolar CSC-HVDC link
with the support of the neighbouring monopolar VSC-HVDC link operating in parallel as the

hybrid bipolar CSC/HVDC system is carried out via simulation to validated the effectiveness



of support from VSC-HVDC link to dealing with two key issues of the CSC-HVDC.
Furthermore, the small-signal modelling of the emerging multi-terminal VSC-based HVDC
grids is investigated and the parameter optimisation of the PI controller of the converters in
the multi-terminal HVDC (MTDC) grids is carried out using the particle-swarm optimisation
method for the small-signal models of the whole system at multiple operating points to obtain
a set of optimised parameters of PI controllers to improve the dynamic performance of the

MTDC grids at multiple operating points.
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Chapter 1
Introduction

1.1 Motivation

1.1.1 Importance of Power System Transient Stability

If a power system in initial operating condition is subjected to a physical disturbance
and is able to return to the initial operating condition or regaining equilibrium after
dynamic motions of system variables, the ability of this system can be referred to the

power system stability based on the definition in [1].

For the modern large-scale power systems in most countries around the world, their
main infrastructures are established based on the alternating-current (AC) technology.
On the one hand, the system frequency and voltage-levels are two of the most
important factors in the AC power systems. One the other hand, most of electric
power in the power systems is generated from three-phase AC synchronous
generators (mostly thermal and hydro). During the normal operation of a power
system, the mechanical and electromagnetic torques acting on each generator should
keep balance and all the synchronous generators rotate at the same electrical speed in

synchronisation with the system frequency (so-called synchronism).

As a result, these three factors are of great importance to the power system security.
And the classification of power system stability has been specified in Fig-1.1 [1]

based on different impacts of disturbances on these three factors.
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Fig-1.1 The Classification of Power System Stability

For the high voltage transmission systems, they are directly connected to generation
units via step-up transformers and usually widely distributed for long-distance bulk
power delivery from generator-side to demanding-side. So the disturbances especially
the large ones in a high voltage transmission system could bring big impacts not only
on itself but also the generators in adjacent to the disturbance. Short-circuit faults
especially the temporary ones within the transmission lines caused by lightning and
tree fallings are the most common and severe faults in the transmission systems and
they usually cause the imbalance between the mechanical and electromagnetic torques
acting on the generators in vicinity of the short-circuit faults which brings big changes
of generators’ rotor-angle and triggers the power oscillations [2]. If the power system
under large disturbances such as short-circuit faults within the transmission lines is
able to maintain the synchronism of generators. This ability can be referred to the
transient stability defined by [1]. Otherwise, lack of transient stability could cause the
changes of rotor-angle continuously and the self-exciting power oscillations to further

bring severe damages to the power system components such as generators and



transmission lines or even cause the blackout of the power system. Due to the short-
circuit faults with tree fallings on the 345 kV transmission lines in USA, the lack of
transient stability played an important role in the biggest blackout event in Northern
American History— the Northern Blackout of 2003 which caused power losses for
about 50 million people in USA and Canada for nearly two days and estimated
economical losses of 6 billion dollars [3]. As a result, the physical nature,
methodology for transient stability should be carefully investigated to guarantee
power system security, especially when new technologies are integrated into the
power systems such as high voltage direct current (HVDC) and renewable energy
which have their own dynamic characteristics for transient stability. As a result,
dynamic impacts of the systems with such emerging technologies on power system

transient stability should be carefully investigated for power system security.

1.1.2 Grid Integration of Large-scale Energy Systems with HVDC
Transmission Technology
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Fig-1.2 The General Layout of CSC-HVDC Systems using Thyristor Cells
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In the so-called “War of Currents” in the late 1880s [4], the power transmission
technology based on AC prevailed over that based on DC to become the preferred
standard for the global power industry with overwhelming advantages over DC
techniques especially in terms of achieving high-voltage levels for reduction of power
losses in long-distance power transmission at that time. With the rapid development
of semiconductor-based power electronics from 1947 [4], the HVDC technology has
overcome the technical bottlenecks to realise the high voltage-levels for long-distance
power transmission. Furthermore, HVDC technology has gradually reflected its
unique benefits as follows [5, 6]:
1) Real-time controllable power flows;
2) Improvement of dynamic stability with converter controllers;
3) No need for reactive power compensation to the transmission lines;
4) Capability of interconnection of asynchronous systems with different system
frequencies.
For the HVDC technology, there are two possibilities [5]: the classic technology
based on the current-sourced converters (CSC) and the emerging one based on the
voltage-sourced converters (VSC). For the CSC-HVDC technology, the basic
modules in the AC/DC converters are the thyristor-based modular cells shown in Fig-
1.2 [2, 4,7, 8]. Due to long-term development, this technology has become so mature
and well-proven that it is widely used in the long-distance point-to-point power
delivery and interconnection of asynchronous systems around the world [4, 7, 8]. In
the GB transmission system in the UK, there have been three CSC-HVDC
interconnectors in commercial operation with a total power capacity of 3500 MW [4,

7, 8]. For the first integral HVDC link in the GB transmission systems—the 2000

MW Western-Link HVDC Project [9], the CSC-HVDC technology has been chosen



for this project in terms of development requirements of electricity infrastructure for
grid integration of large-scale renewable energy systems especially the wind and
hydro-power in Scotland to meet the increasing energy demands in England and
Wales.

The other possibility is the emerging next-generation VSC-HVDC technology, of
which the basic modules in the AC/DC converters are the IGBT-based modular cells
shown in Fig-1.3 [5]. Since the first commercial application in undersea power
transmission project in 1999 [10], the VSC-HVDC technology has gradually shown
its key advantages over HVAC and CSC-HVDC technology listed as follows [5, 6]:

1) Independent active and reactive power control;

2) No needs for extra reactive power support during operation;

3) Grid access to weak AC networks such as islands and offshore wind farms;

4) The capability of black-start;

5) Power reversal without changing DC polarities;

6) Compact layout and scalability for lower space requirements.

VSC-HVDC Valve Towers IGBT-based Modular Cell
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Fig-1.3 The General Layout of VSC-HVDC System using IGBT Cells



As a result, the VSC-HVDC technology is commonly regarded as the optimal solution
to grid integration of large-scale offshore wind farms and has challenged the market
dominance of original HVAC technology with new projects listed in the Table-1.1 [11,
12].

Table-1.1 The List of Offshore Wind Farms Using VSC-HVDC Systems by 2015

Project Name | Power Rating | Total Distances | Commission Year
BorWin Alpha 400 MW 200 km 2012
BorWin Beta 800 MW 200 km 2013
DolWin Alpha 800 MW 165 km 2013
HelWin Alpha 576 MW 130 km 2013
SylWin Alpha 864 MW 205 km 2014
DolWin Beta 900 MW 135 km 2015
HelWin Beta 690 MW 130 km 2015

As a result, the VSC-HVDC technology will play an active role in the future
development of the power system and the studies of modelling and control of VSC-
HVDC systems are of great importance to understand their dynamic characteristics so
that the technology risk can be identified as soon as possible to move towards the
wide application of the VSC-HVDC technology for collection of offshore renewable

energy and long-distance bulk power delivery.

1.1.3 Dynamic Aggregated Modelling of Large-scale Offshore Wind

Farms for Transient Stability Analysis

In Europe, the European Union (EU) has published its renewable energy proposals in
January 2008 with the core targets of achieving a reduction of greenhouse gas
emissions by 20% and increasing the share of renewable energy in the EU’s total
energy generation to 20% both in 2020 [13]. For the EU countries around the North
Sea, offshore wind energy resources are rich and widely distributed. To achieve the

EU’s renewable energy targets, an increasing number of offshore wind farms have



been commissioned, constructed or proposed by those countries such as UK and
Germany who have been playing the pioneering roles in the development of offshore

wind industries in the world [9, 11, 12].
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Fig-1.4 The UK’s Gone Green Scenario: Generation Mix in 2010 and 2020

Taking the UK as an example, it has potentially the richest offshore wind resources in
Europe. To move towards a low-carbon economy in the UK, wind energy has been
playing a key role in the renewable energy development with increasing integration of
offshore wind energy into the UK’s electricity transmission networks. From the
generation mix in Gone Green scenario endorsed by UK’s government shown in Fig-
1.4 [9, 14, 15], the share of wind energy will increase significantly from just 3% in
2010 to 30% with 32 GW of new wind energy (20 GW offshore and 12 GW onshore)

integrated into UK’s electricity transmission networks by 2020.

According to the UK’s development plans for offshore wind energy, the London
Array project [16], the expected largest offshore wind farms in the world with the

total installation capacity of 1,000 MW has been under construction and other eight



proposed offshore wind areas for the UK’s Crown Estate Round 2 and 3 Plans by
2020 shown in Table-1.2 are expected to be ranked in the top-10 list of proposed
offshore wind resources areas in the world with a potentially accumulative installation
capacity of 31.9 GW [9, 17, 18].

Table-1.2 The Proposed Offshore Wind Farm Areas in the UK by 2030

Project Name Total (MW)
Dogger Bank 9,000
Norfolk Bank 7,200
Irish Sea 4,200
Hornsea 4,000
Firth of Forth 3,500
Bristol Channel 1,500
Moray Firth 1,300
Triton Knoll 1,200

In order to explore the maximum potentials of offshore wind resources, not only the
per-unit power ratings of wind turbines will be increased [19], but also the number of
wind turbines installed in the offshore wind farms will be increased greatly in the
future. For the largest offshore wind farm project under construction, the Phase-1 of
London Array project will be completed at the end of 2012 with the total capacity of
630.0 MW. And the number of wind turbines in this project has reached 175. For the
Phase-2 project, another 166 units of wind turbines with the total installation capacity
of 370 MW will be installed and the overall number of wind turbines can reach 341

[16, 17].

With increasing integration of the large-scale offshore wind farms, their dynamic
impacts on the electricity transmission networks are of vital importance for the
operation security and stability. In order to build the transmission systems to meet the

requirements of these large-scale offshore wind farms in terms of security and



stability, the dynamic characteristics of the large-scale offshore wind farms should be
carefully investigated. However, due to a large number of wind turbines in the
offshore wind farms, huge amount of computational efforts should be needed for
transient stability analysis. In this way, the effective representations of the large-scale
offshore wind farms are necessary to identified for achieving the balance between the
computational time and requirement of simulation accuracy in the transient stability

analysis.

1.1.4 Optimised Control of Multi-terminal VSC-based HVDC Grids

Fig-1.5 The North Sea Supergrid Scheme

For the EU countries around the North Sea, they are facing the increasing challenges
for how to integrate their rich renewable energy resources into the electricity
transmission networks to meet the countries’ increasing energy demands and boost a
low-carbon economy. To deal with these issues, the North Sea Supergrid Scheme
(NSSS) [20-22] shown in Fig-1.5 [23] have been proposed by the EU countries
around the North Sea to build the new electricity transmission infrastructure for
facilitating the collection, delivery and trade of large-scale renewable energy such as

the offshore wind energy in North Sea areas and hydro power in Nordic countries.



The NSSS has received great support from governments, industrial and academic

organisations in these EU countries.

For the NSSS, the electricity transmission infrastructure is of great importance. With
the advantages over HVAC and CSC-HVDC technology mentioned in Section 1.1.2,
the multi-terminal VSC-based HVDC grids (MTDC) have been proposed as the
preferred solutions to building the backbone of the new electricity transmission
infrastructure around the North Sea in terms of the higher requirements for system
reliability, stability and flexibility [5, 20, 22]. However, due to the absence of MTDC
system in the world, the operation experiences for such systems are so limited [20, 21].
As a result, the investigation of the operating characteristics of the MTDC systems for
feasibility studies and establishment of operational specification such as the grid code
are of great necessity to move towards the reality of multi-terminal VSC-HVDC grids

like North Sea Supergrid.
1.2 Contributions

1) Proposing the dynamic aggregated modelling method to simplify the detailed
representation of the large-scale offshore wind farms to some extent by using
several equivalent machines representing the mainstream variable-speed wind
turbines— WT-DFIGs and WT-PMSGs respectively in the offshore wind farms
with the purpose of achieving the balance between the computational time and
requirement of simulation accuracy for the transient stability analysis which is
hard to achieve simultaneously by conventional methods using either detailed
models over-simplified single equivalent machine.

2) Comparing the classical and emerging control schemes for the rectifier-side

converter of point-to-point VSC-HVDC link for grid integration of large-scale

10



3)

4)

offshore wind farms including WT-DFIGs and WT-PMSGs. After comparisons
of simulation results for these two control schemes, the preferred control scheme
is validated by simulation for grid integration of large-scale offshore wind farms
including WT-DFIGs and WT-PMSGs in terms of transient stability.
Investigating a feasibility of the upgrade scheme of monopolar CSC-HVDC link
with the operating of a neighbouring monopolar VSC-HVDC link in parallel as
the proposed hybrid bipolar CSC/VSC-HVDC system. With the design of the
control schemes of the VSC-HVDC link, the performance of extra support from
VSC-HVDC link is validated for helping conventional CSC-HVDC link to deal
with the reactive power support and mitigation of potential risks of inverter-side
commutation failure.

Proposing the PSO-based parameter optimisation method for PI controllers of
voltage-sourced converters in the emerging multi-terminal HVDC (MTDC) grid
with multiple system operation points based on the small-signal models of the
whole system. Compared with conventional PSO-based parameter optimisation
methods for single operating point, the set of parameters of PI controllers
optimised by the proposed method is validated for improving the dynamic
performance of the MTDC grid at multiple operating points in terms of transient

stability.

1.3 Outline

The PhD thesis is organised as follow:

Chapter 2:  The literatures are reviewed.

Chapter 3: The dynamic models and control strategies of two mainstream wind

turbines — WT-DFIG and WT-PMSG are investigated. Then the

dynamic aggregated modelling method for large-scale offshore wind
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Chapter 4:

Chapter 5:

farms consisting of WT-DFIGs and WT-PMSGs is proposed for
transient stability analysis. The simulation systems with different
representations of aggregated models in the offshore wind farms are
tested in the DIgSILENT/PowerFactory to evaluate their dynamic
performance for identification of the effective representation of the
system with the balance between the computational time and
requirement of simulation accuracy in terms of transient stability .

The dynamic models and control strategies for the rectifier- and
inverter-side converters in the point-to-point bipolar VSC-HVDC
systems are investigated. The dynamic performance of two control
schemes for grid integration of large-scale offshore farms of WT-
DFIGs and WT-PMSGs are evaluated via the simulation systems in the
DIgSILENT/PowerFactory to identify the preferred control scheme of
rectifier-side converter for grid integration of the large-scale offshore
wind farms in terms of transient stability.

The mathematical models and control strategies for rectifier- and
inverter-side converters in the bipolar CSC-HVDC systems are
investigated. The layout out hybrid bipolar CSC/VSC HVDC system is
proposed and the control strategies of monopolar VSC-HVDC link are
designed to give extra support to the neighbouring monopolar CSC-
HVDC link in parallel in terms of its two issues: reactive power
support and inverter-side commutation failure. The simulation systems
for bipolar CSC-HVDC and hybrid HVDC systems in the
DIgSILENT/PowerFactory are tested to evaluate the dynamic

characteristics of CSC-HVDC systems and the feasibilities of the extra

12



Chapter 6:

Chapter 7:

support from neighbouring VSC-HVDC systems to deal with these two
key issues of the conventional CSC-HVDC systems.

The small-signal models for the three-terminal VSC-based HVDC grid
with radial topology are derived. Based on the small-signal models if
the whole system at multiple operating points, the PSO method is
applied for the parameter optimisation of the PI controllers of VSCs in
the three-terminal HVDC grid. The comparisons of the simulation
systems with original and optimised parameters are carried out in
MATLAB/SIMULINK for the whole system at two different operating
points to evaluate their dynamic performance in terms of transient
stability.

Conclusions of the work in the PhD thesis are drawn and research work

plans in the future are described.
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Chapter 2
Literature Review

2.1 Grid Code for Power System Transient Stability

V/VN (%)
A

100
VI --------- ehe oo = - eag e - - - ---\-

1797 N N

V3 feeeeee-l

: >
0 TI 12 Time (ms)

Fig-2.1 The Fault Ride-Through Requirements in Grid Code

In [1], the classification, definition of three types of power system stability including
rotor-angle stability, frequency stability and voltage stability are described based on
their physical nature. As the large-disturbance rotor angle stability or so-called
transient stability, it refers to the ability of power system under large disturbances
such as the short-circuit faults within the transmission lines to maintain the
synchronism of generators. Transient stability of a power system is mainly influenced
by the initial operating condition (or called operating point) and severity of the
disturbances. The initial operating condition usually is determined by the steady-state
power flow and the severity of disturbances depends mainly on the time duration and
strength of disturbances. As described in [2] [24], the short-circuit faults especially on

the transmission lines are the most common large-disturbances in the high voltage
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transmission systems. For the strength of short-circuit faults, it depends mainly on the
types of short-circuit faults, grounded impedance, and the short-circuit ratio (SCR) of

power system.

For the transmission system operators (TSOs), so-called grid code has been developed
as the operational specifications to keep the reliable, economical and efficient system
operation. In terms of transient stability, so-called fault ride-through (FRT)
requirements have been specified in the grid code [25, 26]. The general concepts of
the FRT requirements are illustrated in Fig-2.1 and the red-colour curve is drawn
according to the events described below as the boundary for FRT requirements: The
voltage dropped from Point A at 1.0 p.u. to Point B at V3 when the fault was applied
at 0+ s. At T, the fault was removed and the voltage increased suddenly from Point
C at V3 to Point D at V2. From T} to T2, the voltage recovered from Point D at V2 to
Point E at V/. For all the primary-side components in a transmission system such as
transmission lines or transformers, their voltage changes during the time between 0+ s
to 7> should be located within the shadow zone with the colour of dark green around
the boundary in which they are not permitted to be isolated from the system (so-called
FRT requirements). For the operational specifications of grid code, 7, is usually

specified as 140 ms or 150 ms and 7> is specified as 500 ms in [25, 26].

Otherwise, if the severity of the fault is large enough to make voltage changes of
some component outside the shadow zone just like strength of a fault exceeds the V1
or time duration of a fault is longer than 7'/, such component should be isolated as

soon as possible by protective devices such as circuit breakers according to [25, 26].
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2.2 Challenges for Grid Integration of Large-scale Offshore

Wind Farms

With increasing concerns about the significant impacts of global climate changes and
exhaustion of fossil-fuels on the sustainable development of human beings, the
renewable energy resources with zero greenhouse gas emissions such as wind, hydro
and solar energy have obtained worldwide attention in the recent years. Due to the
wide distribution of potential large-scale wind resources in the world, wind energy
has been well considered as one of the key alternatives to replace conventional
thermal power plants fuelled by fossil fuels for large-scale power generation. And
with the strong support from governments, industrial and academic organisations all
around the world, the global wind industries have developed very quickly with steady
increases in past ten years: the global total installation capacity of wind energy has
increased sharply from 24,322 MW in 2001 to 239,900 MW in 2011 with a significant
growth-rate of 886.34% [27]. For the EU countries around the North Sea, offshore
wind energy resources are rich and widely distributed. To achieve the EU’s renewable
energy targets [13], an increasing number of offshore wind farms have been
commissioned, constructed or proposed by those countries such as UK, Germany and
Demark who have been playing the pioneering roles in the development of offshore
wind energy in the world [11, 12, 16-18, 28]. The world’s first offshore wind farm is
the Danish Vindeby Project which was put into operation in 1991 for DONG Energy
and it consists of 11 units of wind turbines with a rated per-unit capacity of 0.45 MW
[28]. Since the first offshore wind farm put into operation 21 years ago, great changes
have taken place in the offshore wind industries especially in EU countries to not only
act as the key alternatives to fossil fuels for large-scale power generation but also

meet these countries’ increasing energy demands. Taking the UK as an example,
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according to the UK’s development plans for offshore wind energy, the London Array
Project, the expected largest offshore wind farms in the world with a total installation
capacity of 1,000 MW has been under construction [9, 16] and other eight proposed
offshore wind areas for the UK’s Crown Estate Round 2 and 3 Plans by 2020 [18] are
expected to be ranked in the top-10 list of proposed offshore wind farm areas in the

world with a potentially accumulative installation capacity of 31.9 GW [9, 17, 18].

To meet the technical specifications of increasing integration of offshore wind power,

the science and technology related to the offshore wind industries has developed very

quickly and there are three key features for the future development of offshore wind
energy systems:

1) Development of offshore wind turbine technology. At the initial stage, the wind
turbine with the fixed-speed induction generators (WT-FSIGs) are widely
installed in the offshore wind farms just like Vindeby project [28, 29]. Due to
operation in constant wind speed, the energy efficiency of this kind of machines
is not so high without system adjustment for wind speed changes [29]. And the

per-unit power ratings of the WT-FSIGs are usually in the range of kW-level.

With the development of aerodynamic techniques [19], the mechanical
components of the wind turbine have been improved greatly to meet the
requirements of variable-speed operation, for instance, equipping with blade
pitch-angle control systems to achieve dynamic adjustment of the wind turbine in
responses to wind speed changes [29]. Furthermore, due to the fast development
of power electronics, the back-to-back power converters are applied in the next-

generation wind turbine, the so-called WT-DFIGs (wind turbines with doubly-fed
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induction generator), to achieve partial power controls of the generator in
response to the wind speed changes. For the WT-DFIGs, the energy efficiency
and operation reliability have been improved obviously and the power ratings of
the WF-DFIGs can usually reach in the range of 1-5 MW [29]. And the WT-

DFIGs have become the mainstream wind turbines for market dominance.

With the reduced costs in power converters, the full-scale power converters have
been gradually applied in the emerging so-called WT-PMSGs (Wind turbine with
permanent magnetic synchronous generators) and the power of the generator can
be fully controlled to enhance the operation reliability, flexibility and energy-
efficiency. Furthermore, for the design of multi-pole direct-driven structure of the
generator, the wind turbine can operate in the low rotational speed especially
suitable for circumstances of low wind speed so that operating and maintenance
costs can be reduced due to the absence of slip-ring and gearbox [29]. With the
benefits mentioned above, the WT-PMSGs have gradually seized the market
shares and become the favourite options for manufacturing the wind turbines
mainly in the range of 4.5-7.0 MW [30, 31].

Development of foundation installation technology for offshore wind turbines.
With the development of foundation installation technology, the wind turbines
can be installed in deeper sea areas to explore the potentials of offshore wind
areas far from the seashore. The gravity-based foundations are commonly used
for most of the current offshore wind farms with the water depth of 30-50 m [32].
For the current the most remote offshore wind farm using the gravity-based
foundations, the maximum water depth is 41 m and the distance of the subsea

cables is 125 km [33]. For the water depth more than 50 m, the floating
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foundation [19, 32, 34] can be applied for such deep sea areas and offshore wind
farms can be potentially in the sea areas more than 125 km to maximize the
exploration of offshore wind energy.

Increasing total installation capacity of offshore wind farms. In order to explore
the maximum potentials of offshore wind energy resources, not only the per-unit
power ratings of wind turbines will be increased, but also the number of wind
turbines installed in the offshore wind farms will be increased greatly in the

future. For the current world’s largest offshore wind farm —Walney project in

the UK, the total installation capacity can reach 367.2 MW with 102 units of
wind turbines [17]. Furthermore, for the largest offshore wind farm projects under
construction, the Phase-1 of London Array project will be completed at the end of
2012 to surpass the Walney project to be ranked as the first largest offshore wind
farms with the total capacity of 630.0 MW. And the number of wind turbines in
this project has reached 175. For the Phase-2 project, another 166 units of wind
turbines with the total installation capacity of 370 MW will be installed and the
overall number of wind turbines can reach 341 [16, 17]. So the total installation
capacity of the offshore wind farms will increase greatly with hundreds of wind

turbines

Considering the three key features for the development of the large-scale offshore

wind farms, there are three key challenges for grid integration of large-scale offshore

wind farm in terms of operation security and stability listed as follows:

1) With increasing integration of large-scale offshore wind farms, the dynamic

impacts of such wind farms on the external power systems interconnected should

be carefully investigated for maintaining the operation security and stability of
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3)

the whole systems. As a result, the mainstream wind turbines in the offshore
wind farms should be studied firstly for representation of their dynamic
characteristics reasonably for transient stability analysis. Based on their dynamic
characteristics, control strategies for different types of wind turbines should be
further investigated to maintain the operation stability of the wind turbines in the
offshore wind farms under large disturbances.

In the future, the large-scale offshore wind farms will consist of a large amount
of wind turbines. In the transient stability analysis, if all the wind turbines are
represented in detail, huge amount of computational efforts should be required. If
the overall dynamic performance of an offshore wind farms are concerned only,
then alternative modelling methods can be investigated to simplify the whole
offshore wind farm to some extent to compromise between computational time
and the requirement of simulation accuracy and for transient stability analysis.
For the offshore wind farms, not only the total installation capacity has increased
greatly but also the transmission distances between the offshore wind farms and
the onshore stations will become much longer than ever before. In this situation,
it has brought great challenges for the transmission technology with high

technical specifications in terms of operation security, stability.

2.3 Modelling and Control of Variable-speed Wind turbines

in the Offshore Wind Farms

With the increasing integration of large-scale offshore wind farms, their dynamic

impacts on the external power systems interconnected should be considered of great

importance for the operation security and stability of the whole systems. In this way,

the dynamic characteristics of the wind turbines, especially the mainstream WT-

DFIGs and WT-PMSGs should be carefully investigated and some work has been

20



carried out to investigate their unique characteristics. In [35-47], the dynamic
modelling methods of WT-DFIG systems have been investigated for transient stability
analysis. In [45, 46, 48-52], some work has been carried out focusing on the effective
control of WT-DFIG systems to enhance their performance against large disturbances
such as the capacity of FRT or so-called low-voltage ride-through (LVRT). In [53,
54], the support for reactive power and system frequency regulations of the WT-DFIG
systems have been investigated. In [55], the characteristics of short-circuit currents in

the WT-DFIG systems have been investigated.

For the emerging WT-PMSG systems, the dynamic modelling methods for small-
signal modelling have been described in [56, 57]. The dynamic modelling methods for
transient stability analysis have been described in [58-63]. The general control
strategies for integration into the power systems have been described in [64-68]. In
[57, 69, 70], the optimal control strategies of the WT-PMSGs have been investigated.
In [71, 72], the robust control strategies have been investigated for the WT-PMSG
systems during fault condition. In [73], the control scheme have been proposed to
enhance the LVRT capabilities of the WT-PMSG systems. Furthermore, the dynamic
performance of the WT-PMSG systems during the short-circuit fault condition have
been investigated in [74]. In [75], the support capabilities of WT-PMSG systems for
the external power systems during faults condition have been studied. In [76-79], The
LVRT capabilities of the WT-PMSG systems for the severe voltage dips have been

tested.
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2.4 Dynamic Equivalent Modelling Methods for Power

System Transient Stability Analysis

For the power system transient stability analysis, a large number of generators with
detailed representations can take a huge number of computational efforts. To solve
such issues, the studies of dynamic equivalent modelling of large-scale power systems
have been carried out to investigate the balance between the computational time and
requirement of simulation accuracy. In [24], three equivalent modelling methods have
been described. The first one is the dynamic aggregated modelling method based on
the identification of the generators with the similar dynamic responses which are
selected into a so-called coherency group and aggregated into an equivalent machine.
The studies in [80, 81] are based on this principle. The second one is the modal
dynamic equivalent modelling method based the modal analysis of the small-signal
models of the power systems to identify the generators with the similar modes of
oscillation in the coherency group [82, 83]. The third one is based on the parametric
identification of the equivalent machine to make the dynamic responses of equivalent
machine similar to those of the generators in the coherency group [84, 85]. Evaluating
all the three methods, the modal analysis method is too complex with needs for
deriving the small-signal models of the large-scale power systems which usually
contain a large number of generators and their supplementary elements. For the third
method, the equivalent models are usually represented using the single-machine. Due
to such over-simplifications, some important dynamic characteristics of the generators
could be neglected. For the first-method, the identification of the coherency groups is
based on their dynamic responses in the transient simulation and it is much easier to
carry out than the second method. And for the first method, the large-scale power

systems are divided into several coherency groups which are represented by their own
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equivalent machines in order to avoid the issues of over-simplifications similar to the
third method. So the first method has been considered as the most effective method
and commonly used in the dynamic equivalent modelling of large-scale power

systems for transient stability analysis.

2.5 Dynamic Equivalent Modelling Methods for Offshore

Wind Farms in Transient Stability Analysis

For the large-scale offshore wind farms, they usually consist of a large number of
wind turbine and the issues of computational time is similar to those for large-scale
power systems. In [86], the dynamic aggregated method has been proposed for the
WT-FSIG systems based on the first method and the slip speeds of eight FSIGs as the
dynamic responses are identified as the criteria for coherency groups [24]. In [87-93]
the wind farm with WT-DFIGs has been represented with an equivalent single
machine with the equivalent impedance for the wind farms’ AC networks. Although
the simulation results are acceptable with different improvements, this method is only
tested in a small system. In the large-scale offshore wind farms, such over-
simplifications will bring problems for the requirement of simulation accuracy. In
[94], although the first-method has been applied in the identification of the coherency
groups of WT-DFIG systems, but the parameter aggregation of the equivalent model
for each elements of the WT-DFIG systems are not mentioned. In [95], the third
method is used for parametric identification of the single equivalent machine with
online measurement of key states of the wind farm. But the simulation system with
this method is only tested for a wind farm with six units of WT-DFIGs. This method
should be further tested in the large-scale wind farm for validating the simulation
accuracy. In [96], dynamic aggregated modelling of the wind farm with twelve units

WT-PMSGs are proposed. The four units of WT-PMSGs connected in the same chain
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were aggregated into a group without any criteria for identification of coherency
group. And for such kind of WT-PMSG systems, the uncontrollable diode-based
converter has been equipped on the rectifier-side of the power converter. Furthermore,
for the rapid development of power converters in the WT-PMSG systems, the
controllable VSC-based converters have been equipped to both-side of the power

converter in the WT-PMSG systems [29].

2.6 Modelling and Control of the Point-to-point VSC-
HVDC Systems for Grid Integration of Offshore Wind

Farms

With the advantages over HVAC and conventional CSC-HVDC transmission
technology mentioned in Section 1.1.2 [5, 6], the VSC-HVDC technology has been
widely considered as the preferred solution to connecting the large-scale offshore
wind farm in future. So the dynamic characteristics of the VSC-HVDC systems and
their control strategies for rectifier- and inverter-side converters should be
investigated for transient stability analysis. The dynamic modelling of the VSC-
HVDC systems has been described in [97-103] with the same principles. For the
VSC-HVDC systems, the controllers are usually designed for two-stage controller
structure: for the inner control loop, the feed-forward method has been applied for the
decoupled current control [104, 105]. The controlled modulation index is sent to
generate fire signals for the IGBTs for AC/DC transformation. For the outer control
loop, different system variables can be supervised and controlled independently using
the commonly-used PI controllers. With different combination of control variables,
different control targets can be achieved. The decoupled power control has been

usually designed for rectified-side voltage-sourced converter for supervisory of input
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AC power flow [104-106], and additional damping controller has been added to the
active power controller as the frequency controllers for the small-signal stability [101].
Input active power and AC voltage at the rectifier-side point of common coupling
(PCC) are supervised and controlled with the similar control structures for grid
integration of weak-grids [98, 107]. The decoupled voltage control is usually designed
for inverter-side VSC for supervisory of DC-side voltage of converter on the inverter-
side for normal DC power delivery as well as the AC voltage at the inverter-side PCC
to keep synchronous with the external power system interconnected [108, 109]. Some
alternative controllers have been also studied: DC voltages of the inverter-side
converter and output reactive power at inverter-side PCC are supervised and
controlled for inverter-side converters [105, 110, 111]. In [112], grid integration of the
WT-DFIG based offshore wind farm using VSC-HVDC system has been described
and the different control scheme for the rectifier-side VSC controller with aim of only
controlling the AC voltage at the PCC has been proposed. In [113], the improved
control strategies similar to those in [112] have been proposed in order to enhance the

LVRT capabilities of the WT-DFIG based offshore wind farm.

2.7 Modelling and Control of the Hybrid HVDC Systems

With the development of VSC-based technology, it has provided great potentials for
enhancing the capabilities of the original CSC-HVDC systems for power transmission.
In [114], the so-called hybrid HVDC system has been proposed for power
transmission to island networks which was only consisting of passive elements. In this
hybrid HVDC system, the VSC-based static synchronous compensator (STATCOM)
and the inverter-side of CSC-HVDC system were connected with the same AC bus.
Due to the operating characteristics of thyristor-based AC/DC converters, they are not

able to commutate without AC voltage sources [4]. So the STATCOM played the role
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as the voltage source to provide the commutation voltage for the inverter-side
converters. In [115, 116], another concept of hybrid HVDC system has been proposed
for grid integration of the WT-DFIGs based wind farms. The STATCOM and the
rectifier-side converter were connected with the same AC bus. During the operation
of CSC-HVDC systems, it should absorb extra reactive power [4] and the STATCOM
can provide flexible reactive power compensation. With the coordination between the
STATCOM and the CSC-HVDC system during normal and fault condition, the
dynamic performance of whole transmission system has been improved. In [117], the
third hybrid concept is proposed: Due to operating without reactive power support [5,
6], the VSC on the rectifier-side is connected directly with the wind farm without
extra devices for reactive power compensation and the CSC on the inverter-side was
connected with the AC active network. The feasibility of the hybrid system has been
validated with dynamic simulation in the transient stability analysis. Besides that, the
obvious advantages of this hybrid system over pure VSC-HVDC are the lower
investment costs and power losses. In [118], the fourth concept of hybrid HVDC
system has been proposed: a monopolar VSC-HVDC system worked in parallel with
the monopolar CSC-HVDC system as the bipolar hybrid HVDC system. For the
fourth concept, not only acting as the transmission system, the VSCs on the rectifier-
and inverter-side have the same characteristics as the STATCOM for independent
reactive power control and voltage support which have been proposed in the first and
second concepts [5, 6, 67, 112, 113, 119, 120]. Considering the power reversal, the
DC polarities of the CSCs should be reversed but not necessary for VSCs.
Considering the third concept for connecting these two kinds of converters in series,
such systems only tested for connecting with wind farms which the direction of power

flows are mostly from wind farm to the external power systems. For two AC systems
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with frequent power exchange, the feasible schemes for coordinating these two kinds
of converters should be further investigated. For the fourth concept, the detailed
switching scheme of the switches has been described to realise the changes the DC
voltage polarities of the VSCs in response to the power directions for symmetrical

operation with CSC-HVDC system in [118].

Evaluating these four concepts of hybrid HVDC systems, the fourth one is the most
effective and practical way. As a result, with the fourth concept, the upgrade scheme
has been approval for the existing Skagerrak 3 CSC-HVDC Link which was
established in 1993 between Denmark and Norway. The Skagerrak 4 VSC-HVDC
project is expected to be commissioned in 2014 and work in parallel with the
Skagerrak 3 CSC-HVDC Link to increase the power transmission capability from 440

MW to 1140 MW.

2.8 Small-signal Modelling of Multi-terminal VSC-based

HVDC Grids

Although the North Sea Supergrid based on the MTDC are considered having
promising future, there is still a long road to make it a reality. Nowadays, there is no
such HVDC grid existing in world and the experiences are so limited for the operation
and control of such systems. To move towards the development of MTDC grids, the
feasibility studies of the different design plans and establishments of technical
specifications such as the grid code should be needed to meet the higher requirements

in terms of security, stability for such complex AC/DC systems.

As described in [2], the small-signal modelling and analysis of the power systems are

effective ways to understand the dynamic characteristics of the power systems using
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classic control theories and methodologies. In [102], the small-signal modelling and
analysis of the four-terminal HVDC grid with meshed structure have been carried out
to investigate the dynamic characteristics of the HVDC grid which was connecting
with two offshore wind farms including the WT-FSIG systems and a synchronous
generator. During the analysis processes, with changing of the parameters of PI
controllers, different eigen-values in the state matrix for different operating points can
be calculated which can reflect the systems’ dynamic characteristics directly. In [103],
the small-signal modelling and analysis of the HVDC grid triangle structure was
carried out to investigate the dynamic characteristics of the HVDC grid which was
connecting with two external grids and a wind farm. Using the other small-signal
analysis method with root-locus plotting, the dynamic characteristics of this HVDC

grid can be identified directly.

2.9 Optimised Control of Multi-terminal VSC-based HVDC

Grid at Multiple Operating Points

As the preferred solution to building the backbone of the North Sea Supergrid [23,
121], it will bring higher requirements for the MTDC grids involved in the pan-
European electricity market [20, 21]. As driven by the market benefits, the power
exchange among the TSOs at the cross-borders will be changed frequently in a
relatively short periods. As a result, the MTDC grids will be operating at the different
operating points on the frequent basis and it will bring great challenges for such
MTDC grids in terms of system security and stability. In [102], the small-signal
analysis of the four-terminal HVDC grid has been carried to investigate the dynamic
performance of the HVDC grid for grid integration of offshore wind farms. During
the analysis processes, the parameters of the PI controllers in the converters have big

influences on the eigen-values in the state matrix of the small-signal models of the
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HVDC grid which can reflect the dynamic characteristics of the whole system. In this
way, the parameters of the PI controllers in the MTDC grids can be tuned to some

extent to improve dynamic performance of the systems at multiple operating points.

For tuning the parameters of controllers in the power systems, the optimisation
methods just like the evolutionary computation (EC) techniques are regarded as the
preferred solution. Currently, the genetic algorithm (GA), one of the most popular EC
methods at early stage, has been widely applied for the parameter optimisation of the
controllers in the power systems [122-131]. With the rapid development of EC
techniques, the so-called particle-swarm optimisation (PSO) methods were proposed
and developed by Dr. Russell Eberhart and Dr. James Kennedy, who learnt from the
studies of social behaviours in the flocks of birds during their research [132, 133]. The
PSO methods have been well-proven for good performance in parameter optimisation
and advantages over GA: In [134], the PSO method has been applied in the design of
power system stabiliser (PSS) to improve its capabilities to mitigate the low-
frequency oscillation in the power systems. Comparing the dynamic simulation results
for the synchronous generators equipped with gradient-, GA- and PSO-based PSSs,
the effects of the proposed PSO-based PSS were better than those with the other two
methods. In [135], the parameter optimisations of the controllers of thyristor-
controllable series compensators (TCSCs) based on the GA and PSO have been
carried out. After evaluating the dynamic performance of the power systems equipped
with GA- and PSO-based TCSCs, the PSO was validated to be better than GA for
parameter optimisation of the controllers of the TCSCs. Furthermore, in [57, 136], the
PSO method has been applied in the parameter optimisation of the PI controllers

which are equipped to the two mainstream variable-speed wind turbines —WT-DFIG
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and WT-PMSG to improve their dynamic performance under small and large
disturbances. In [137], the improved adaptive PSO method has been applied in the
parameter optimisation of the PI controllers of the CSC-HVDC system and the
proposed APSO method was tested in the CIGRE HVDC Benchmark model to

validate its feasibility.

In [138, 139], the so-called Simplex algorithm, a nonlinear optimisation method
based on geometric considerations, has been applied in the parameter optimisation of
the PI controllers in the VSC- and CSC-HVDC systems respectively. For such
algorithm, it has not become as well-proven as the PSO for the applications in the
power systems. As a result, the PSO methods are still considered as a preferred

solution to the parameter optimisation of PI controllers in the VSC-based HVDC grids.
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Chapter 3
Dynamic Aggregated Modelling of Large-scale Offshore

Wind Farms for Transient Stability Analysis

3.1 Introduction

In the power system transient stability analysis, it is mainly concern about the overall
dynamic impacts of a wind farm on the external power systems interconnected. In this way,
only their overall dynamic impacts on the external power systems are considered rather than
the detailed dynamic behaviours of each wind turbine. So these wind farms can be simplified
to some extent that they are represented using few equivalent machines to reflect their key
characteristics so that the computational time for the simulation in transient stability analysis
can be reduced to some extent. With these principles, the dynamic aggregated modelling
method is proposed. In this method, the wind turbines with similar dynamic responses are
selected into a coherency group and they are aggregated into an equivalent machine. As a
result, the wind farm can be represented with several simplified aggregated machines to
compromise between the computational time and requirement of simulation accuracy for

transient stability analysis.
3.2 Modelling of WT-DFIG Systems

The general configuration of the WT-DFIG system is shown in Fig-3.1 [35]. The prime
mover consisting of wind turbine with blade pitch-angle controller, shafts and gearbox,
extracts kinetic energy from air flow through the turbine blades and then converts it into
rotational mechanical torque of shafts to drive the induction generator to generate electricity.
For the electrical components of WT-DFIG system, the three-phase stator winding of the

induction generator is connected to the external power system directly, and the three-phase
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rotor winding is indirectly connected with the grid by the back-to-back VSC-based power
converter between them. The so-called rotor-side converter connected with the slip-ring of
rotor and the grid-side converter connected with the external power system. A DC capacitor

connected to both DC sides of the two converters acts as the DC voltage resource for AC/DC

power transformation.

Wind Turbine with Doubly-Fed Induction Generator

Generator

|
|
|
| WT-DFIG Transformer
| CB
| External
| Rotor-side CB  Grid-side Systems
| Converter Converter A
|
' i
| SR
L
DC
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Rotor-side Grid-side
Controller Controller
Pr i

Fig-3.1 The General Configuration of WT-DFIG System

3.2.1 Modelling of Wind Turbine

The kinetic energy extracted from air flow via wind turbine blades is given by [136]:
P =L perviC
m E 107[ w p (3 . 1)

where P, is the mechanical power from wind turbine; p is the air density; R is the blade
radius of wind turbine; V,, is the wind speed; C, is the power coefficient and is a function of

tip speed ratio 4 and blade pitch-angle £ given by (3.2):

RC,

1 RCf 025
Cp(l,ﬂ)=5(7—0.022,3—2)e A

o, (3.3)

7

w

A

where Cyis the blade design constant coefficient and w; is the rotational speed of wind turbine.
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Fig-3.2 The Power Coefficient Curves with Different Pre-setting Pitch-angle

When V,, is under the rated speed, S is kept at the minimum limit f; and w; can be
continuously adjusted to keep A constant at specific level which the maximum C, can be

achieved as shown in Fig-3.2 and the generator speed can be adjusted to increase.

Pitch-angle Max

ref B
PI —» SERVO —»
_/
Wr Pitch-angle Min

Fig-3.3 The Control Diagram of Blade Pitch-angle Controller

When the wind speed increases above the rated speed, a blade pitch-angle controller is
usually applied in a variable-speed wind turbine shown in Fig-3.3 [140]. The blade pitch-
angle controller usually consists of a PI controller and servomechanism. There is a feedback
of the generator rotational speed w, in this controller. Beyond the rated wind speed, the speed
deviation can be regulated by this pitch-angle controller to increase f until it reaches the

maximum limit g, [35].

33



3.2.2 Modelling of Two-mass Drive-Train
The drive train are usually represented by a two-mass models for the combination of the
turbine’s low speed shaft and generator’ high speed shaft coupled by the gearbox. The drive-

train’s two-mass models are given by [136]:

2Ht da)t = Tm “Lsn
dt
on 49 g
g dt s em (3 4)
do,, .
=0, -0,
dt
dé
T;h = Ksh X efw + Dsh X -
dt
P
T, =2
“ (3.5)
p .
1, ==
a)r

where H, is the inertia constant of wind turbine; H, is the inertia constant of generator; T, is
the mechanical torque of wind turbine; 7., is the electromagnetic torque of generator; T, is
the shaft torque; 6, is the shaft twist angle; Ky, is the shaft stiffness coefficient; Dy, is the

damping coefficient; P; is the active power of generator’s stator winding.
3.2.3 Modelling of DFIG

The 2nd-order dynamic models for the rotor-side of DFIG can be expressed [38, 47, 136]:

dE, , oL | - ,
=soE ———*V ——I[E, +(X,-X)I
dt s q Lr rq 7—;)/[ d ( s s) sq]
JE’ . . (3.6)
[0
L =—s@E, +——"V ——[E —(X,—X)I
dl s —d Lr rd ]10/[ q ( s s) sd]

where E’ is the d-axis voltage behind the transient reactance; E ; is the g-axis voltage

behind the transient reactance; V4 is the d-axis voltage on rotor-side of DFIG; V,, the g-axis

voltage on rotor-side of DFIG; I, is the d-axis current on stator-side of DFIG; I, is the g-axis
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current on stator-side of DFIG; s is the rotor slip of DFIG; w; is the synchronous rotational
speed; L; is the self-inductance on the stator-side of DFIG; L,,is the mutual inductance on the

stator-side of DFIG; TO' is the circuit time constant on the rotor-side of DFIG; X; is the
reactance on the stator-side of DFIG; X 5’ is the transient reactance on the stator-side of DFIG.

The modelling in detail is described in Appendix A.

And the 2nd-order dynamic models for the stator-side of DFIG are expressed [38, 47, 136]:

X' dl 1 , , L 1 , ,

Ay Yl :Vyd_[Rv-'_ ,(Xy—X\_)]Iyd—(l—S)Ed-F m Vr + ,E -|')(\.IY

o, dt ‘ ol S L, ! 1, ! o (3.7)
éiﬂﬂ—v—{R+—L%X—xﬂﬂ-4Lﬂﬂ7+%v - -xu |
a)s d t sq s ] TOI K K sq q Lr rd . O/ d s*sd

where Vi, is the d-axis voltage on the stator-side of DFIG; Vi, is the g-axis voltage on the
stator-side of DFIG; R, is the resistance on the stator-side of DFIG. So the detailed dynamic

models of the DFIG can be represented by the 4th-order differential equations of E ; JE ; s Ly

and I,. The modelling in detail is described in Appendix A.
3.2.4 Modelling of DC Link

Assuming the power losses in the rotor- and grid-side converters can be neglected, so the
active power can keep balance through the two converters expressed by [47]:

P,=P +P (3.8)

cap
where P,. is the active power in the rotor-side converter; P, is the active power in the grid-

side converter; P, is the active power in the DC capacitor. They are given by [47]:

{I)rc :‘/rdlrd-l_‘/rqqu (3 9)
ch = ‘/sd Igd + ‘/sqlgq

dv,,
[)L'ap = Vchdc = Cchdc d;L (3 10)
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where I, is the d-axis current on rotor-side of DFIG; I,, is the g-axis current on rotor-side of
DFIG; I,4 is the d-axis current of grid-side converter; I, is the g-axis current of grid-side
converter; V. is the DC voltage of DC capacitor; I is the DC current of DC capacitor; Cy. is

the capacitance of DC capacitor. So the dynamic model of the DC link is expressed by:

av, 1
T;ZC v (Vrdlra’ +qu1rq _Vsa’lga' _Vsqlgq) G.11)
dc’ dc

3.3 Control Strategies for the WT-DFIG Systems

3.3.1 The Rotor-side VSC Controller

As described with detail in Appendix A, the voltage equations for the rotor-side induction

generator is given by (3.12):

dly—rd_ Sa)S prq

dt (3.12)

dy,
qu = dtq +Sa)s Xylrd

Vrd =

where ¥ ,and ¥, are the rotor-side d- and g-axis flux linkage which are expressed in (3.13):

=L xI +L xI
V0 r rd m sd (313)
v, =LxI +L XI,
And substituting (3.13) into (3.12):
dy,,
Vrd =—- (a)s - a)r)Lr X Irq - (ws - wr)Lm x ISL/
ddz (3.14)
qu - %-’- (a)s - a)r)Lr X Ird + (a)s - a)r )Lm x Isd

d x .
In (3.14), dz/i/”’ and :/l,m are replaced from V; and V,, using the PI controllers expressed by
t t

(3.15):

s d re re
V. :%: Krd(Irdf _Ird)+KirdJ-(Irdf —1,,)dt

d (3.15)
V= Wy _ K (I -1 K U< -1 )d
T g WLy =1, + irq,[( g —L)dt

36



where K4 and K;,4 are the proportional and integral gains of d-axis PI controller; K,, and K.,
are the proportional and integral gains of g-axis PI controller. For the PI controllers, time
constant 7; of integrator is also used for (3.16) and the relationship between time constant 7;

and integral gain K is expressed by:

(3.17)

I, (w,—w,)L

re
Ird -

rd

rq

I,

Fig-3.4 The Second-Stage Current Controller for Rotor-side VSC

Based on (3.14) and (3.15), the decoupled current controller is shown in Fig-3.4. V,; and V,
are regulated as the modulation index for generating the firing-signal for the rotor-side

converter [141].

Max
ref ref
P PIH | — 1
Min
P}" Limiter
Max
ref ref
Qr PI — f — Irq
Min

Limit
QV imiter

Fig-3.5 The First-stage Power Controller for Rotor-side VSC

The WT-DFIG’s output active and reactive power P, and O, at the PCC are compared with

their reference values P,ref and Q,'fef . Then their deviations are sent to the two PI controllers
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respectively for being specified as the reference values I and [ :;f for the current controller
in Fig-3.5:

I =K (B = P)+ K, [(B = R)di

| | | (3.18)
I7 =Ky(Q7 —0)+ K, [(Q —0,)dt

where Kp and K;p are the proportional and integral gains d-axis PI controller; Ky and Kjp are
the proportional and integral gains of g-axis PI controller. As the result, the two-stage PI

controllers are used for the rotor-side VSC controller [35, 47].

3.3.2 The Grid-side VSC Controller

B, . F, v, R+X, v,
1 —— +—
dc IDC ap V I ca V
Vdc Cdc }_Q gb } : sb

1 2
Vgc Vsc
¥ —— [ +—

1

Grid-side Converter

Fig-3.6 The Diagram of Grid-side Converter

According to the derivation of grid-side converter models in detail in Appendix A, the d- and
g-axis voltage Vg and Vg, of the grid-side converter from the original three-phase Vg, .V

and V. shown in Fig-3.6 are expressed by:

dl,,
Var =Via + Rl g+ L~ = o0 L1

g gd sTgTgq

(3.19)

dl
V=V + R, +L, dj" +w L 1

s g gd

where I,y and Iy, are the d and g-axis current of grid-side converter; R, is the grid-side

converter resistance; L, is the grid-side converter reactance; w, is the rotational speed of the

o dl,, dl , .
grid-side converter. In (3.19), L, dg and L, dg" are replaced from V,, and V,, using the PI
t t

controllers expressed by (3.20):
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* d[ ref ref
Viy =Ly — = K (I — 1)+ Ky, [ (1 = 1,)at

gd S dt

(3.20)

V. =L Do g =1 )ek, [0 -1 dt
g~ g dt - gq( gq gq) igqf( gq gq)

where K,4 and Kj,, are the proportional and integral gains d-axis PI controller; K,, and Kig,
are the proportional and integral gains of g-axis PI controller. Based on (3.19) and (3.20), the
decoupled current controller is shown in Fig-3.7. V,,; and V,,, are regulated as the modulation

index for generating the firing-signal for the grid-side converter [141].

7

sd

ref
Y gd ng
Igd > a)SL
ng g1 L
Iref V
89 gq

Fig-3.7 The Second Stage Current Controller for Grid-side VSC

The deviations of DC voltage of DC link and its reference value are sent to the d-axis PI

controller to be specified as the / ;{ which is express by (3.21) in Fig-3.8 [35, 47]:
I =K,V =V )+ K J O =V, )t (3.21)

where K. and K;;. are the proportional and integral gains of d-axis PI controller.

Max
ref
Vil—{ y—prit-H /| —17
Min
VdC Limiter

Fig-3.8 The First-stage DC Voltage Controller for Grid-side VSC
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ref
g4

The g-axis current reference /”7 is usually predefined as zero. In this way, the grid-side VSC

controller can be used to control the DC voltage of DC link to maintain it at the normal level

for AC/DC power transformation during normal operation and disturbances.

3.4 Modelling of WT-PMSG Systems

Wind Turbine with Permanent Magnetic Synchronous Generator

Generator-side Grid-side

I [
: : Converter Converter
| I Transformer g
I | | External
I | | Systems
: | Generator A

| DC

J

: I A Capacitor

| ——
| I Generator-side Grid-side
| | Controller Controller
| Prime Mover | A A

?

Protections

Fig-3.9 The Configuration of WT-PMSG System

The typical configuration of the WT-PMSG system is shown in Fig-3.9 [47, 57]. For the
prime mover, the multi-pole generator is directly driven by the shafts without the gearbox.
And the wind turbine and blade pitch-angle controller are similar to those in the WT-DFIG
system. For the electrical components, the three-phase stator winding of the generator is
indirectly connected to the external power system by the full-scale back-to-back VSC-based
power converter between them. The so-called generator-side converter is connected with the
stator of the PMSG and the grid-side converter is connected with the external power system.
A DC capacitor connected to both DC sides of the two converters acts as the DC voltage

resource for AC/DC power transformation.
3.4.1 Modelling of Drive-Train

The drive train is usually represented by the one-mass model for the combination of shafts of

wind turbine and generator. The differential equation of the one-mass model is given by [57]:
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d
2H, +H) =% =T, T, (3.22)
dr
;b
a)t
r =L (3.23)
Q)
g
o =2
P

where P, is the mechanical power of wind turbine; P; is the active power of generator’s
stator; H, is the inertia constant of wind turbine; H, is the inertia constant of generator; w;,is
the rotational angular speed of generator; w;is the rotational angular speed of wind turbine
and w, is the rotational angular speed of generator; 7, is the mechanical torque of wind

turbine; 7y is the electromagnetic torque of generator; p is the pole-number of generator.

3.4.2 Modelling of PMSG

The 2nd-order dynamic models of the PMSG are given by [47, 57]:

s* sd p T sT sq

v, =RI,+L % o]
dt (3.24)

dl
Vy=RI, +L, d‘tq +o, L1, +oy

p st sd

where V4 is the d-axis voltage on the stator-side of PMSG; Vj, is the g-axis voltage on the
stator-side of PMSG; Iy, is the d-axis current on the stator-side of PMSG; I, is the g-axis
current on the stator-side of PMSG; R; is the resistance on the stator-side of PMSG; L, is the

self-inductance on the stator-side of PMSG, ¥ is the constant flux linkage of PMSG. The
modelling in detail is described in Appendix B.

3.4.3 Model of DC Link

dv, 1
T;k = C v (V;dlsd +V;q1sq _nglgd _nglgq) (325)
dc” dc
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With some principles described in Section 3.2.4, the dynamic model of the DC link inserted
into the two converters is given in (3.25). Where Vg is the d-axis voltage of grid-side
converter; Vg, is the g-axis voltage of grid-side converter; Iz is the d-axis current of grid-side
converter; Iy is the g-axis current of grid-side converter; Ve is the DC voltage of the DC

capacitor; /u« is the DC current of the DC capacitor; Cuis DC the capacitance of DC capacitor.

3.5 Control Strategies for the WT-PMSG Systems

3.5.1 The Generator-side VSC Controller

I;;f—»Q—» PL—— )7,
I >, L

sd

I/

sq > a)pLs
Iy _,@ PL—( D,
@ l//4T

p

Fig-3.10 The Second-stage Current Controller for Generator-side Converter

As described in Section 3.4.2 and Appendix B, the dynamic models of PMSG are expressed

Sq

. dI di, ‘ -
in (3.24). And LSTS" and LST" are replaced from V,; and V using the PI controllers
t t

expressed by (3.26):

v =1,
dt

sd

= sd(lsrsf _Isd)+KisdJ.(1mf _Isd)dt
(3.26)

Ve=L ., =K, (I'7 -1 )+K, |UY -1, )dt
sq — s d f - sq( sq ,vq) isqjl( sq sq)

where Ky, and K;4 are the proportional and integral gains of d-axis PI controller; K, and Ky,
are the proportional and integral gains of g-axis PI controller. Based on (3.24) and (3.26), the

decoupled current controller is shown in Fig-3.10.
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Fig-3.11 The First-stage Controller for Generator-side Converter

For the generator-side VSC controller, similar to those for WT-DFIG system, two-stage PI
controllers are commonly used. For the first-stage controller illustrated in Fig-3.11, the output

active power of the PMSG P; is set as the control target to be supervised and controlled in d-

axis and the derivation of P, and its reference P'? is sent to the PI regulator for being

specified as the reference values I’ for the second-stage d-axis current controller. In the g-
axis, the PMSG AC voltage V; is set as the control target to maintain it stable for system

operation, the derivation of ¥, and its reference ¥ is sent to the PI regulator for being

N

specified as the reference values / S";f for the second-stage g-axis current controller.

1 =K (B =P)+K, | (P —B)dt
T gl (3.27)
LY =K =V)+K, [ (77 V)t

where Kp and K;p are the proportional and integral gains of d-axis PI controller; K; and K, are

the proportional and integral gains of g-axis PI controller.
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3.5.2 The Grid-side VSC Controller

Max
ref ref
Vdc P ] f ad
Min
Vdc Limiter
Max
0™ PI— [/ — 1
Min

Q Limiter

Fig-3.12 The First-stage Controller for Grid-side Converter

The grid-side converter for WT-PMSG system is identical to that for WT-DFIG system
described in Section 3.3.2 and Appendix A. So the second-stage current controller is as same
as that for WT-DFIG system in Fig-3.7. However, for the first-stage VSC controller of WT-
PMSG system shown in Fig-3.12, the d-axis first-stage controller is supervising the voltage
of DC link V. and regulating it to its reference value V7 for keeping the balance of AC/DC
power transformation between the generator- and grid-converters. The g-axis first-stage
controller is supervising and controlling the reactive power O, and regulating it to its

reference value Q;f for maintain the AC voltage level at the PCC. Their deviations are sent to

the two PI controllers respectively for being specified as the reference values / ;f{ and / gf

which are expressed by:

I =K, (V7 =V )+ Ky J 7 =V, )dt

(3.28)
I =Ky —0,)+ K, [ (0 —0,)d

where K, and K4 are the proportional and integral gains of d-axis PI controller; Ky and Ko

are the proportional and integral gains of g-axis PI controller.
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3.6 Dynamic Aggregated Modelling for Offshore Wind Farms

160 MW rated Offshore Wind Farm
(32 Units of Wind Generators)
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Fig-3.13 The Layout of an Offshore Wind Farm Interconnected with External power system

In general, there are two main objectives for the dynamic aggregated modelling method: 1)
The computational efforts for the simplified system models can be obviously reduced
compared with models in detail; 2) The simulation accuracy of the simplified models can be
obtained at the acceptable levels which the key characteristics of the systems can be kept for

steady- and transient-state analysis.

For a large offshore wind farm shown in Fig-3.13 , it usually consists of a large amount of
wind turbines which are represented by a set of dynamic models and the passive network
including the collector cables, step-up transformers. If the dynamic characteristics of some
wind turbines are similar, they can be selected in a group called coherency group [24] and be

represented by an equivalent machine to reduce the computational efforts. For the equivalent
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machine, the passive network connected to the wind turbines in the coherency group should
be reduced as equivalent impedance which is connected to the equivalent machine to keep the
output power flow at the PCC equal to that for original system in detail. Furthermore, a set of
aggregated parameters should be specified for the equivalent machine to keep the key
dynamic characteristics of the original system in detail. With these principles for achieving
the objectives above, the dynamic aggregated modelling method can be divided into three
steps as follows [24]:

1) Identification of coherency groups

2) Network reduction

3) Parameters aggregation
3.6.1 Assumptions and Simplifications

Considering the typical characteristics of offshore wind farms, some assumptions and

simplifications are considered as follows:

1) The wind turbines connected in the same chain are configured with identical system
parameters;

2) The time range of the transient processes of wind turbines is very short in the transient
stability analysis. So during of transient stability analysis, the wind speed is consumed to
be constant in a wind farm for all the wind turbines at the same normal operating points
during the whole process of the simulation.

3) In the simulation, the disturbances are incurred outside the wind farm.

4) The protection systems for each wind turbine in the wind farms are not considered during
the disturbances.

3.6.2 Identification of Coherency groups

During the large disturbances in the power system such as the short-circuit faults, some

generators in the same areas can reflect some dynamic responses similar to each other. In this
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way, those generators are selected into a group which is usually acted as the coherency group
and these generators are represented using an aggregated equivalent single-machine to not
only reflect their common dynamic responses but also simplify the power systems for
transient stability analysis.

The methods for coherency group identification of the synchronous generators for transient
stability analysis have been described in [24, 80, 81]. For these methods, the rotor-angle
swing responses of the generators can be chosen as the key characteristic to act as the

criterion for coherency group identification which is given by [24, 80, 81]:

Max|AS,(t)~ AS (1) < & (3.29)

t€[0,T]
For the criterion that, if the relative rotor angle deviations of two generators are not greater
than a specified threshold value at any time during the simulation time¢[0,7], the two

generators can be selected into a coherency group. The simulation time duration 7=3~5s and

e=5°~10°.

Furthermore the relationship between the deviations of rotor angle ¢ and rotational angular

speed w, is given:

ds
— =0 -1 3.30
L (3.30)

From (3.30), the coherency groups also can be identified from the wind turbines’ rotor
angular speed characteristics. As shown in Fig-3.13, four units of wind turbines are connected
to the same row in the offshore wind farm. From their rotor angular speed swing curves
shown in Fig-3.14, the same rotor angular speed swing responses are reflected from the wind
turbines during a short-circuit fault. So they can be selected into a coherency group and can

be further divided into more coherency groups for higher simulation accuracy.
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Fig-3.14 The Rotational Angular Speed from Wind turbines in the Same Chain

3.6.3 Network Reduction

When a set of generators are selected into a coherency group, the buses, transformers and
transmission lines connected to them are aggregated into the equivalent bus and impedance.
Compared with the layout of conventional large-scale power systems, the topology of the
typical offshore wind farms shown is much simpler with radiant network structure shown in

Fig-3.15 [142]. In this way, the network reduction method can refer to the methods in [143].
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Fig-3.15 The Network Reduction of One Chain in the Offshore Wind Farm
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N-1
NZ +Y i*Z +N*Z
AS +AS,+AS, e Z’ T e
eq = NZ XIZ = N2 (3.31)

where Z,, is the equivalent impedance; Z, is the impedance for each branch of the wind
turbine, Z,.is the impedance of each transmission cable between two wind turbines; Z, is the
impedance of transmission cable connected to the external power systems; N is the total

number of machine units in a coherency group and i €[1, N].
3.6.4 Parameter Aggregation of WT-DFIG Systems

3.6.4.1 Parameter Aggregation of the Shaft Models
There are N units of WT-DFIGs in a coherency group and the shaft models of the ith machine

are given [43, 136]:

2H % =T —T
t(i) dt = tm(i) sh(i)
om0 g
g(i) dt — k(i) em(i)
40 (3.32)
tw(i) _ _
d =0, — Oy
T, =K, x6 +D 9y
si(t) = Bniiy X oy T Dy X d

where all the parameters are transformed to per unit values based on their own rated apparent

power. Both sides of the equations are multiplied by the ratio of S; and S¢:

S, do,, S
EX 2Ht(i) 7 = g X (Tm(i) _ I;h(i))
5, do,, S,
Zix2 g(i)Tzs_x(Tfh(f) _Tem(i))

G ) (3.33)
S, dO,, S,
S_XT - S_X(mt(i) _a)r(i))

¢ G

: j dé. .
& Ty = 2 X (K i % Oy + Dy X —0 )
So Se I

And the sum of the model equations of /V units of machines is given:
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S, da, S;
Z —X2H,, —0 = Z X (T, = Tyi))

vieG S dt 36 Se

S da,, S,
Z —X2H 0 = Z < X T = Toni)
YieG SG dt VieG SG

o S (3.34)
Z—ZXLO): Z_ix(a)t(i)_wr(i))

VieG SG dt VieG SG

S. S, detw(i)
z _Xth(i) = z S_X(Ksh(i) thw(i) + th(i) X dr )

VieG SG ‘ VieG P G
Considering all the WT-DFIGs in the coherency group have the similar dynamic
characteristics, so it assumes:

O ==, =0, =0, (3.35)

)
Oy = =0 =Gy =G, (3.36)

In this way, the equivalent equations of the aggregated shaft models are given:

dw,
2Ht_G Ttt =T, -1,

dw
2Hg_G Ttr = 7;/1_0 _’Tem_G

(3.37)
deé,
— =@ -0,
dt
de

’TJILG = KJJLG thw + DJILG X =

where H, ¢ and H, ¢ are the aggregated inertia constant respectively; Ky, ¢ is the aggregated
shaft stiffness coefficient; Dy, ¢ is the aggregated damping coefficient; T, ¢ is the aggregated
shaft torque; 7,, ¢ is the aggregated mechanical torque of equivalent wind turbine; 7, ¢ is
the electromagnetic torque of equivalent generator. Each aggregated parameter is the
weighted average value of the corresponding parameters of N units of WT-DFIGs in the

coherency group G (Ge[0,N]). And the derivations of these aggregated parameters for the

WT-DFIG’s shaft models are given:

Z S.xH,,
H =Y (3.38)

t_G
SG
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H — VieG

Z Si X Ksh(i)

__ VieG
K?h_G -

Z S;xH

Z Si X Dsh(i)

(3.39)

(3.40)

(3.41)

where all the aggregated parameters are transformed to per unit values based on apparent

power of the aggregated machine S.

3.6.4.2 Parameter Aggregation of DFIG

With the similar principles, the aggregated parameters for the equivalent generator equal to

the weighted average value of the corresponding parameters of N units of WT-DFIGs in the

coherency group G.

Z Si X Lss(i)

_ VieG
L.Y_G == S
G
Z Si ><er(i)
__ VieG
LriG == S
G
z Si X Lm(i)
_ VieG
Lm_G == S
G
2 SixRy,
_ VieG
s G
SG
'
2 Six X
4 VieG
XS‘_G == S
G
'
2 S:xTy
1 _ VieG
7—£)7G _ Vie
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where L ¢ is the aggregated stator self-inductance; L, ¢ is the aggregated rotor self-
inductance; L,, ¢ is the aggregated mutual inductance; R, ¢ is the aggregated resistance of the

stator; X| ,is the aggregated stator transient reactance; 77 . is the aggregated rotor circuit

time constant.
3.6.4.3 Parameter Aggregation of DC Link

The aggregated parameters for the equivalent DC link are given with similar principles:

ZS X Coeti

C . — VieG (348)
de G SG

where Cy. ¢ 1s the aggregated DC capacitance.

3.6.4.4 Parameter Aggregation of Control System
A set of aggregated parameters for the equivalent control systems are given with similar

aggregation principles:

> 8.xC,
C, =0 (3.49)
G SG

where Cg is the set of aggregated parameters for controllers in the WT-DFIG system:s.

3.6.5 Parameter Aggregation of WT-PMSG Systems

3.6.5.1 Parameter Aggregation of the Shaft Model of WT-PMSG Systems
There are N units of WT-PMSGs in a coherency group and the shaft models of the ith

machine are given:

@ _
2(]_It(z) +H (1)) t m(l) T;m(i) (350)

The aggregated shaft model is given by:

2(Ht_G+Hg_G)7tt=Tm_G_T G (3.51)

em_

H, =% (3.52)
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Z S xH .
H, ;="— B (3.53)
G

where H; ¢ and H, ¢ are the aggregated inertia constant respectively for the WT-PMSGs.
3.6.5.2 Parameter Aggregation of PMSGs
The aggregated parameters for the equivalent generator equal the weighted average value of

the corresponding parameters of NV units of WT-PMSGs in the coherency group G.

Z S, x Rs(i)

R ;=" 5 (3.54)
G
z S, st(l.)
L ;=" 5 (3.55)
G

where L; ¢ is the aggregated stator self-inductance; R; ¢ is the aggregated stator resistance.
3.6.5.3 Parameter Aggregation of DC Link and Control System
The aggregated parameters for the DC link and control system are derived with the same

principles described in Section 3.6.4.3 and 3.6.4.4.

3.7 Case Studies for WT-DFIG based Offshore Wind Farms

3.7.1 Simulation Systems

In the simulation cases, an offshore wind farm consisting of 32 units of 5 MW rated WT-
DFIG systems are interconnected with the Single-Machine Infinite Bus (SMIB). The layout
of the wind farm is illustrated in Fig-3.13, each four units of machines are connected line by
line in a chain and the power of all the machines in these eight rows is collected at the
collector bus and then the power is sent to the external system via the step-up transformer and
a 150 km transmission line, a three-phase short-circuit fault was incurred in 0+ s at Bus B/
and after 150 ms the fault was removed based on the time suggested by Grid Code. The

offshore wind farm systems with point-to-point connections are usually weak systems
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without any interconnections with other power systems. So the SCRs of the offshore wind
farms are usually less than 2 and they are highly sensitive to the grounded resistances of the
faults. In order to avoid final instability, the ground resistance was set as 15 ohm. The
simulation time was 4 s. All the simulation cases were carried out with

DIgSILENT/PowerFactory and the details are described in Appendix E.

3.7.2 Case 1: Sixteen Equivalent Machines

10 MW
Fig-3.16 A Coherency Group Including Two WT-DFIGs
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Fig-3.17 The Output Active Power for Detailed and Sixteen Equivalent Machines Models

In Case 1, each two machines in a chain were selected into a coherency group shown in Fig-
3.16 and this system was divided into sixteen coherency groups. In this way, this system can

be simplified using sixteen units of aggregated machine. The simulation results including the
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output power and terminal AC voltage at the PCC compared with those with detailed models

are illustrated from Fig-3.17 to Fig-3.19.
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3.7.3 Case 2: Eight Equivalent Machines

20 MW
Fig-3.20 A Coherency Group Including Four WT-DFIGs

In Case 2, each four machines in a chain were selected into a coherency group shown in Fig-
3.20 and this system was divided into eight coherency groups. Then each coherency group
was represented using an aggregated machine. So this system can be simplified using eight
units of aggregated machine. The simulation results including the output power and AC

voltage at the PCC compared with those with detailed models are illustrated from Fig-3.21 to

Fig-3.23.
X: 0.000413
250 Y: 239.3 :
= 8 Units
=== 32 Units
X: 0.1779
200 Y:188.5
L}
s
= * I‘ X: 0.8016
5 I Y: 154.1
g Moo e
5 150 11\
e X: 0.2042
g Y: 145.5
< 1
n
10Cy. 0.0242
Y: 104.8
X: 0.1504
Y: 55.66
f
50
0 0.2 0.4 0.6 0.8 1 1.2

Time (s)

Fig-3.21 The Output Active Power for Detailed and Eight Equivalent Machines Models

56



5 r T
X: 0.000413 X: 0.1644 ‘ -
10 Y:-10.83  Y:-10.89 — 8 Units
- . === 32 Units
R 0
Z 15 m
§ (|
s 20 !
i l —
o [ y
o
) , U’ |1
-.g -30 o
g ‘u X: 0.1892
| a
& a5 g iY. 30.38
X: 0.009945 ,X: 0.1504
VEEA Y: -43.12
I |
-45
0 0.2 0.4 0.6 0.8 1 1.2
Time (s)

Fig-3.22 The Output Reactive Power for Detailed and Eight Equivalent Machines Models

1.05 r ‘[
i —— 8 Units
1 === 32 Units
X: 0.1614
X:0 2
1 Y 0.9850 Y.} 0.9921
; | -
% X: 0.1877
$o.0s Y: 0.9751
G
>
(8]
<
X:0.15
0.9 A Y: 0.8858
X: 0.006195
0.85 Y: 0.8771
) 0 0.2 0.4 0.6 0.8 1 1.2

Time (s)
Fig-3.23 The AC Voltage at PCC for Detailed and Eight Equivalent Machines Models

3.7.4 Case 3: Four Equivalent Machines
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Fig-3.24 A Coherency Group Including Eight WT-DFIGs
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In Case 3, each eight machines in the neighbouring two chains were selected into a group
shown in Fig-3.24 and the system was represented using four units of aggregated machines.

The simulation results are shown from Fig-3.25 to Fig-3.27.
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3.7.5 Case 4: Two Equivalent Machines
In Case 4, each sixteen machines in the neighbouring four chains were selected into a group
and the system was represented using two units of aggregated machines shown in Fig-3.28.

The simulation results are shown from Fig-3.29 to Fig-3.31.
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.
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Fig-3.28 A Coherency Group Including Sixteen WT-DFIGs
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3.7.6 Case 5: Single Equivalent Machine

In Case 5, all the machines in the wind farm were aggregated into single aggregated machine

and the simulation results are shown from Fig-3.32 to Fig-3.34.
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From the simulation results for the models in detail shown in Fig-3.17 to Fig-3.19, The AC
voltage at PCC suddenly dropped from 0.9859 p.u. to 0.8786 p.u. at 0+ s in Fig-3.19.
Through the strength of voltage dip is not so big, it brought obvious impacts on the output
power at PCC. At same time, the active power suddenly increased from 153.9 MW to 239.3
MW by 55.49% in Fig-3.17 and the reactive power suddenly increased from -23.3 MVar to -
10.83 MVar by 53.51% in Fig-3.18. Due to the control of power converters in the WT-DFIG
systems, the active power was suppressed from 239.3 MW to 104.9 MW at 0.0249 s and
returned to stable condition after the first-swing. The reactive power was suppressed from -

10.83 MVar to -36.64 MVar at 0.0099 s and returned to stable condition after the second-
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swing. At the 150 ms, the fault was removed and the AC voltage from 0.8858 p.u. to the
stable condition at 0.982 p.u. after the first-swing. The active power suddenly dropped to
55.66 MW at 0.1504 s and it returned to the stable condition at 153.9 MW after the first-
swing. For the reactive power, it suddenly dropped to -43.12 MW at 0.1504 s and it returned
to the stable condition at -23.3 MVar after the second-swing. With the control of power
converters, this offshore wind farm with detailed representation of 32 units of WT-DFIGs can
maintain the transient stability in this fault event. And the simulation results at the PCC for
the 32 units of WT-DFIGs are regarded as the benchmarks for comparing with those for

different simplified models in Case 1-5.

Comparing the simulations results in Case 1, the two curves for AC voltage have nearly
overlapped with each others in Fig-3.19. For the simulation results in Fig-3.17 and Fig-3.18,
the two curves in each diagram are very similar with several small differences. Comparing
the simulations results in Case 2, two curves for active power in Fig-3.21 as well as two
curves for AC voltage in Fig-3.23 are very similar to each other with several small
differences. For the reactive power in Fig-3.22, the difference of the two curves during the
swings are nearly between 2-3 MVar, but the overall changes of reactive are similar in this
two curves. Comparing the simulation results in Case 3-5, the differences between the two
curves in each diagram are much more obvious than those in Case 1-2 due to over-
simplification. So the simplified models in Case 3-5 are not considered. Furthermore, with
comparison of simulation time for different cases illustrated in the Fig-3.35, the simulation
time for Case 1 and Case 2 are only 45.48% and 24.49% of that for simulation system with
models in detail. For the balance between computational time and the requirement of
simulation accuracy and, the difference of 2-3 MVar between the two curves during the

swings in Fig-3.22 are usually acceptable so that the simplified system with eight aggregated
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machines in Case 2 is highly proposed for representing this offshore wind farm instead of

system in detail for transient stability analysis.
3.8 Case Studies for WT-PMSG based Offshore Wind Farms

The cases studies are similar to those for the rated 160 MW offshore wind farm consisting of
32 units of WT-PMSGs connecting with the SMIB system shown in Fig-3.13. The detailed
information of the simulation system is described in Appendix E.

3.8.1 Case 6: Sixteen Equivalent Machines

For Case 6 including sixteen coherency groups, the simulation results are illustrated in Fig-
3.36 to Fig-3.38.
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3.8.2 Case 7: Eight Equivalent Machines

For Case 7 including eight coherency groups, the simulation results are shown in Fig-3.39 to

Fig-3.41.
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3.8.3 Case 8: Four Equivalent Machines

For Case 8 including four equivalent machines, the simulation results are illustrated in Fig-

3.42 to Fig-3.44.
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3.8.4 Case 9: Two Equivalent Machines

For Case 9 including two equivalent machines, the simulation results are illustrated in Fig-

3.45 to Fig-3.47.

60— X:0.1553 [
X: 0.01726 Y: 155 ‘ _
1Y:151.9 1 — 2 Units
n X: 0.1943 ===132 Units
N
150 u Y: 146.4
145 "w__
B ) 1
§ 135 .
3 X:0.1743
s 130 Y: 1348
>
£ 125
<
120
15 X: 0.00055
105
0 0.2 0.4 0.6 0.8 1 1.2

Time (s)

Fig-3.45 The Output Active Power for Detailed and Two Equivalent Machines Models

X: 0.1505
120 Y:102.7 w[
100 = 2 Units
=== 32 Units
80
T 60
g \
2 40 X: 0.3271
= 2 ~ Y:18.68
e [N n
: FaN /AN
o 0 1 1 A ~
o " \ \\ { ‘t 2 ~\
£ .20 g \ / N S N7 == ke
o f) \] /i 4
b 1 \ ] -’
[1'4 -40 I \ / l,
-60 ! \ ¥
I X:0.2263y J
-80 Y:-60.25 *~
Samn L] t
X: 0.00055 0 0.2 0.4 0.6 0.8 1 1.2
Y: -96.21 Time (s)

Fig-3.46 The Output Reactive Power for Detailed and Two Equivalent Machines Models

68



141 :
X: 0.1505 2 Units
e === 32 Units
1.05 Y:1.04 -
n
n
—_ 1 l\\ '—\“
3 X: 01533 Nmerr?’ N F e
g v:1.004 | N _,/
%095
K
G
>
o 09
<
PaginiN

Q.8s % X: 0.15

X: 0.00055 |,/ Y: 0.8113

Y:0.8028 | 01" "

0.8}

0 0.2 0.4 0.6 0.8 1 1.2

Time (s)

Fig-3.47 The AC Voltage at PCC for Detailed and Two Equivalent Machines Models

3.8.5 Case 10: Single Equivalent Machine

For Case 10 including single equivalent machine, the simulation results are shown in Fig-

3.48 to Fig-3.50.
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From the simulation results for the models in detail shown in Fig-3.36 to Fig-3.38, The AC
voltage at PCC suddenly dropped from 0.9972 p.u. to 0.8066 p.u. at 0+ s in Fig-3.38. At same
time, the active power suddenly decreased from 142.9 MW to 113 MW by 20.92% in Fig-
3.17 and the reactive power suddenly decreased greatly from -11.85 MVar to -85.88 MVar by
624.73% in Fig-3.37. Due to the control of power converters in the WT-PMSG systems, the
active power was recovered to 146.8 MW at 0.0112 s and returned to stable condition after
the first-swing. At the 150 ms, the fault was removed and the active power suddenly dropped
to 131 MW at 0.1505 s and increased to 149.3 MW at 0.1563 s and then it returned to the
original condition after the second swing. For the reactive power, it suddenly jumped to 101.6
MVar at 0.1505s when the fault was removed at 0.15 s and it returned to the normal condition
after several swings. For the AC voltage, it recovered from 0.8614 p.u. at 0.15s to 1.057 p.u.
at 0.1505 s and returned to the 0.992 for normal operation after several swings. With the
control of power converters, this offshore wind farm with detailed representation of 32 units
of WT-PMSGs can maintain the transient stability in this fault event. And the simulation
results at the PCC for the 32 units of WT-PMSGs are regarded as the benchmarks for

comparing with those for different simplified models in Case 6-10.

Comparing the simulations results in Case 6-7, the two curves for active power in Fig-3.36
and Fig-3.39, the two curves for reactive power in Fig-3.37 and Fig-3.40 are nearly
overlapped with each other. For the AC voltage in Fig-3.38 and Fig-3.41, the two curves in
each diagram are similar with several small differences. Comparing the simulations results in
Case 8, the two curves for active power in Fig-3.42 and are the two curves for AC voltage in
Fig-3.44 are very similar with several small differences. For the reactive power in Fig-3.43,
the difference of the two curves during the swings are nearly between 2-3 MVar, but the

overall changes of reactive are similar in this two curves. Comparing the simulation results in
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Case 9-10, the differences between the two curves in each diagram are much more obvious
than those in Case 6-8 due to over-simplification. So the simplified models in Case 9-10 are

not considered.

Furthermore, with comparison of simulation time for different cases illustrated in the Fig-
3.35, the simulation time for Case 6-8 are only 45.48%, 24.49% and 7.88% of that for
simulation system with models in detail. For the balance between the computational time and
requirement of simulation accuracy, the difference of 2-3 MVar between the two curves
during the swings in Fig-3.43 are usually acceptable so that the simplified system with four
aggregated machines in Case 8 is highly proposed for representing this offshore wind farm

instead of system in detail for transient stability analysis.
3.9 Summary and Conclusions

In this chapter, the dynamic aggregated modelling method has been proposed to find the
effective representations of the large-scale offshore wind farms including WT-DFIGs and
WT-PMSGs in terms of the computational time and simulation accuracy for transient stability
analysis By separating these wind turbines with similar dynamic characteristics into few
coherency groups and representing each group with equivalent aggregated models, the fully-
represented models of the wind farm have been simplified to some extent to achieve the
balance between computational time and requirement of simulation accuracy and. The
proposed aggregated models have been validated in the simulation systems to validate that
the computation speed has been obviously improved and the simulation accuracy is

acceptable for the requirements of transient stability analysis.
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Chapter 4
Dynamic Modelling and Control of VSC-HVDC Systems

for Grid Integration of Large-scale Offshore Wind Farms

Since the application of connecting the first offshore wind farm in Denmark in 1991 [28§], the
HVAC transmission technology has dominated the market for 20 years. Considering the
future development of large-scale offshore wind farms with great increases in total
installation capacity and connection length [11, 12, 16-18, 28], the HVAC transmission
technology will show its limits in terms of operation reliability, stability and cost-efficiency
[4]. As a result, alternative solution should be needed for connecting these large-scale
offshore wind farms in the future. With the advantages over HVDC and conventional CSC-
HVDC transmission technology [5, 6], the VSC-HVDC technology has been widely regarded
as the optimal solution to connecting the large-scale offshore wind farm in future. From the
offshore wind farms listed in the Table-1.1, the VSC-HVDC technology has gradually seized

the market shares for grid integration of large-scale offshore wind farms.

For this state-of-the-art technology, the operation experiences are still limited especially for
the coordinated operation between offshore wind farms and the VSC-HVDC systems. In this
way, the dynamic characteristics of the VSC-HVDC systems should be investigated to
understand their whole performance for connecting the offshore wind farms. Furthermore, for
the offshore wind farms including the mainstream variable-speed WT-DFIGs and -PMSGs,
these wind turbines are equipped with IGBT-based power converters and operate in their
control modes for different control targets which have big influences on the whole dynamic

characteristics of the offshore wind farms. In this way, the control strategies of VSC-HVDC
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transmission systems should be coordinated with the offshore wind farm to maintain the

operation stability of the whole system.

In this chapter, the dynamic modelling of rectifier- and inverter-side converters is firstly
represented to know the key factors for the dynamic performance of the point-to-point VSC-
HVDC systems. Then control strategies for the rectifier- and inverter-side converters of the
VSC-HVDC systems are studied to achieve the decoupled controls for different control
targets. Finally, the VSC-HVDC system is built for connecting with two offshore wind farms
consisting of the WT-DFIG and WT-PMSG systems respectively in the DIgSILENT/-
PowerFactory. The comparisons of two different control schemes for the rectifier-side
converter are carried out to investigate their performance for maintaining the operation
stability during fault condition and to validate the preferred control scheme for the rectifier-
side converters in VSC-HVDC systems for grid integration of offshore wind farms in terms

of operation stability.
4.1 Modelling of VSC-HVDC Systems

VSC-HVDC System

_________ Q Rectifier-side Inverter-side
: | Converter DC Cable (+) Converter T 1
| |
! | < : |
| |
: °—{ E«I II}% }_" | I
|
| pcci T | HFF T T HEFE | T2 pecy :
| Offshore I T 'y I External |
| Wind Farm | DC Cable (-) | Power Grid |
I— ________ - l_ _______ -
Rectifier-side Inverter-side
Controller Controller

Fig-4.1 The General Configuration of Point-to-point VSC-HVDC System

The typical layout of point-to-point VSC-HVDC systems for grid integration of offshore
wind farms is shown in Fig-4.1. The VSCs on the rectifier- and inverter-side are consisting of

self-commutated IGBTs to realise the AC/DC power transformation. The DC capacitors on
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both sides maintain the balance between the AC and DC power as the DC voltage sources.
And the AC transformers and series reactors are connected to the AC buss on both sides of
VSC-HVDC system. And the high-frequency filters (HHFs) are needed to eliminate the high

frequency components of AC harmonics generated by module cells [5].

4.1.1 Modelling of Rectifier-side Converter

R +jo L.

rsTr

Vo N IOE
I,
i
Irb "
V

I B e
7 A

rc

Rectifier-side Converter

Fig-4.2 The Diagram of Rectifier-side Circuit

For the AC circuit on the rectifier-side shown in Fig-4.2, the relationship of three-phase

voltages on the system- and converter-side can be expressed by the (4.1):

K‘Yd = V:‘ca + erm + LI‘ d[ra
‘ dt
dl
I/rsb = I/rcb + errb + Lr - (4 1)
dt
Vrsc = Vrcc + R;I re + Lr dlm
dt

where Vs, Visp and V. are the three-phase AC voltages at the PCC for external power
system; Vicq, Viep and V.. are the three-phase AC voltages on the AC-side of rectifier; 1,4, 5
and 7,. are the three-phase AC currents on the rectifier-side; L, and R, are the total inductance

and resistance of the AC transformer and series AC reactor on the rectifier-side.

The (4.1) is converted from a-b-c to d-q coordinate system expressed in the (4.2) with the

Park transformation [2]:
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dl
V d = I/rsa/ _Rr]rd _Lr Trd_'_a) LI

rsTrorq

FC t
4.2
o 4.2)
K”C V _errq_Lr_q_a) L]
dt ‘

qa — Vrsq rs L va

Visa and V., are the d- and g-axis voltage on system-side of rectifier-side converter; V., and
V.cq are the d- and g-axis voltage on converter-side of rectifier-side converter; /,; and I, are
the d- and g-axis current of rectifier-side converter; w, is the rotational angular speed of AC
system on the rectifier-side and w,; =27f,; (f,sis the system frequency on rectifier-side). The

derivation of the dynamic models for rectifier-side converter in detail is described in

Appendix C.

So the dynamic models on the AC-side of the rectifier-side converter are given by [102, 112]:

7 —
d_rd:_&lrd_'_a)ry[r +M

dt L. v ’ 43)
dl R V. -V, '
_"1=__"[r _a,m[rd+u

dt L " L,

The AC-side active power of the rectifier is given by:
})rc = I/rcd]rd + Vrcq]rq (44)
Assuming the active power losses inside the rectifier are neglected, there is the balance

between the AC active power and DC power of the rectifier given by [102, 112]:

Prc :Prdc +P (45)

reap

av,
Vrcd]rd +V Irq = Vrdclrdc +V C T;dc (46)

req rde~r

where P,.and Q,. are the active and reactive power on the rectifier-side; P,4. is the DC power
on the rectifier-side of DC cables; Py, is the power in the DC capacitor on rectifier-side and
C, is the capacitance of DC capacitor; V4. and 1,4 are the voltage and current of the DC-side

of converter on the rectifier-side.
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So the dynamic equation for the DC voltage on rectifier-side is given by:

dVrdc _ (Vrcd Ird + V”Cfl ["‘I) _ Iii
dt v .C C

rde™~r r

4.1.2 Modelling of Inverter-side Converter

(4.7)

I)idc Pic V Ri + ja)isLi
[4 N f |- ica '_.ﬂl I V;sa
ide icap [ ia
C. V.
I/idc ' ZE>‘ }_Q < < —_ V;sb
"' I,
A4 [ — Ji lﬁ_’ I/isc

Inverter-side Converter

Fig-4.3 The Diagram of Inverter-side Circuit

For the AC circuit on the inverter-side shown in Fig-4.3, the relationship of three-phase

voltages on the system-side and inverter-side are defined as same as those on the rectifier-

side.
Visa = Vica + Ri]ia +Li dlia
dt
dl.
Vie =V + Ry + L; — (4.8)
dt
V;w = I/icc + Rilic +Li ﬂ
| dt

where Vi, Visp and Vi are the three-phase AC voltages at the PCC for external power system
on the inverter-side; Vi, Viey and V.. are the three-phase AC voltages on the AC-side of
inverter; I;,, I;» and I;. are the three-phase AC currents; L; and R; and are the total resistance
and inductance of AC transformer and series AC reactor on the inverter-side. (4.8) is
converted from a-b-c to d-q coordinate system expressed in (4.9) with the Park

transformation:
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ic isi"ig

.
Viea =Via =Ry _Lid_ld"'a) L1
dt (4.9)

V.

icq

dl
~RI,~L—%-w,Ll
dt

s iTid

v,

L‘q:

Visa and Vi, are the d- and g-axis voltage on system-side of inverter-side converter; V., and
Vieq are the d- and g-axis voltage on converter-side of inverter-side converter; /;; and /;, are
the d- and g-axis current of inverter-side converter; w;, is the rotational angular speed of AC
system on the inverter-side and w;; =27f;s (fis is the system frequency on inverter-side). The
derivation of the dynamic models for invert-side converter in detail is described in Appendix

C.

So the dynamic models on the AC-side of the inverter-side converter are given by [102, 112]:

dl, R V.=V
id _ " I,‘d + a)is I,‘ + isd icd
dt L ! L 410
dli R V;v _I/ic ( . )
SRy SR L A
dt L " " L

Assuming the active power losses inside the inverter are neglected, there is the balance

between the AC active power and DC power of the inverter given by [102, 112]:

Pic = Pidc + Picap (4 1 1)
I/;cdlid + V;cqliq = V;dc]idc + V;dcq % (4 12)

where P;.1s the active power on the inverter-side; P;4. 1s the DC power on inverter-side of DC
cables; Pi.qp 1s the power losses of DC capacitors on inverter-side and C; is the capacitance of
DC capacitor; Vi and [ are the voltage and current of the DC-side of inverter. So the

dynamic equation for the DC voltage is given:

dV;dc _ (Vicd[id + I/icqliq) _ ],i
dt Vidcq C

1

(4.13)
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4.2 Control Strategies of Point-to-point VSC-HVDC Systems

4.2.1 The Rectifier-side VSC Controller

As described in Section 4.1.1 and Appendix C, the models of rectifier-side converter can be

expressed by (4.2). So Lr% V,Z and V,; using the PI
t

controllers expressed by (4.14):

* dIr ref re
I/rd = Lr dtd = Krp (Irdf rd) + K}l J‘ ([ /-
a (4.14)
® rq __ ref ref
V=L, K (1 - L)+K, [

where 1,4 and I’ are the d-axis current and its reference on the rectifier-side; 1, and I[;f are

the g-axis current and its reference on the rectifier-side; K,,, and K,; are the proportional and
integral gain of PI controllers on the rectifier-side. Assuming the ratio between the L, and R,

is large enough, the R, can be neglected and the (4.2) is expressed by (4.15) [102, 112]:

mor (4.15)
Vi =Vyse = Ve — 0, L1

req rsq rs*rrd

{Vmﬁm Vito,Ll

According to (4.15), the diagram for the rectifier-side Inner Current Controller is illustrated

in the Fig-4.4.

Outer Power Controller Inner Current Controller

P'—( P [/
P

S o V
Y P

I Qr Limiter rq qu
— —

Fig-4.4 The Diagram of Rectifier-side VSC Controller (Scheme 1)
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As similar to those controllers for power converters in wind turbines such as WT-DFIGs and
PMSGs, The two-stage controllers are usually applied for power converters in the VSC-
HVDC systems. For the outer controller on rectifier-side, the classic Scheme 1 is usually used:
the P Mode is usually applied to control the input active power at the PCC via the d-axis PI
controller on the rectifier-side. For the g-axis, the @ Mode controlling the input reactive
power at the PCC is usually used on the rectifier-side to maintain the voltage-levels at PCC
for grid integration of external power sources. So the equations for outer power controller on
the rectifier-side are expressed by:

I =K, (BT =P)+ K, [ (B = P)

- o » (4.16)
1Y =Ko (Q7 -0)+ K, [(Q7 -0,
where P, and Pf‘f are the output active power and its reference on the rectifier-side PCC; O,

and Q' are the output reactive power and its reference on the rectifier-side PCC; Kp.and K;p,

are the proportional and integral gain of d-axis PI controller; Ky, and Ko, are the proportional

and integral gain of g-axis PI controller.

-4
P
d _ ~ -
7~ ~
- ~
7~ N
-~ N

Ve -
b C

Fig-4.5 The Voltage-oriented d-g Coordinate System

However, for the mainstream wind turbines such as WT-DFIGs and WT-PMSGs, they have

equipped with the IGBT-based power converters and their output power can ben controlled
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by their VSC controllers. So for the design of rectifier-side VSC controller, the Scheme 2 can
be applied for VSC controller which could just operate in the g-axis V,. Mode to provide the
voltage reference at the PCC of rectifier-side for grid integration of the offshore wind farms
in synchronous operation. For the rotational d-g coordinate system on the rectifier-side, the
g-axis in the rotational d-g coordinate system rotates in synchronous with the one phase of
the AC three-phase voltages at the synchronous speed w; (w;=2nf;) shown in Fig-4.5. And

the d- and g-axis components of the AC voltages of the rectifier are given by:

Ve =V, '

req rc

So (4.15) can be re-expressed by (4.18):

V.=V, ~V.~aolLl (4.18)

re rsq rsrrd

Outer Voltage Controller Inner Current Controller

—
T Min
V Limiter

Fig-4.6 The Diagram of Rectifier-side VSC Controller (Scheme 2)

According to (4.18), the diagram for the rectifier-side Inner Current Controller in Scheme 2 is
illustrated in the Fig-4.6. And the equation for outer g-axis V. controller on the rectifier-side

is expressed by:

I =K, =V, )+ K, [V =V, (4.19)

where V,,. and V,Zf are the terminal AC voltage and its reference at PCC; Kyand K,y are the

proportional and integral gain of g-axis PI controller.
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4.2.2 The Inverter-side VSC Controller

iq

In the (4.9), the LiT’d and Lij’qare replaced from V; and V,, using the PI controllers
t t
expressed by (4.20):

Vo=L—%=K (I - )+K,,I(1’6f

(4.20)
R/

V=L —"2=K,(I;Y 1)+ K, [ -1,

where [;; and / def are the d-axis current and its reference on the inverter-side; /;; and I, "/ are

the g-axis current and its reference on the inverter-side; K;, and Kj; are the parameters for the
proportional gain and integrator of PI controllers of the current controller on the inverter-side.
Assuming the ratio between the L;and R; is large enough, the R; can be neglected and the (4.2)

is expressed by (4.21) [102, 112]:

s id

Vicd Vl _V +a)1sL111q (4 21)
I/icq I/isq V -, LI '

According to (4.21), the diagram for the inverter-side VSC controller is illustrated in the Fig-

4.7.

- 7

Outer Controller Inner Current Controller

I/isd

Max ] ref
K e Limiter I i >
1 >

O'—( )y prr— | 6—»
o) 1 e i Vv _ 1

| i I —

icq

Fig-4.7 The Diagram of Inverter-side VSC Controller
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For the first-stage PI regulator in d-axis, the V; Mode is applied for maintaining the DC
voltage for AC/DC power transformation. For the g-axis PI regulator, the @ Mode is applied
to control the output reactive power into the external power system [105, 110, 111]. So the
equations for outer controller on the inverter-side are expressed by:

[l;f = ch(l/l;zf - ldC) +KldCI(K;§f id C)

| | (4.22)
1Y =Ko (0 —0)+ Ko [(Q7 -0)

where Vi, and Vlf ‘are the DC voltage of inverter-side converter; O; and Q,.ref are the output

reactive power and its reference on the rectifier-side PCC; K. and K;;. are the proportional
and integral gain of d-axis PI controller; Kp;and Kg; are the proportional and integral gain of

g-axis PI controller.

4.3 Case Studies

4.3.1 Case Studies for VSC-HVDC System Connecting with WT-DFIGs

In this simulation system in DIgSILENT/PowerFactory, the offshore wind farms with total
rated 200 MW rated WT-DFIGs was connected with the £150 kV 300 MW rated bipolar

VSC-HVDC system. The details of the simulation system are described in Appendix F.

4.3.1.1 Case 1: The Short-circuit Grounded Fault at Rectifier-side

In Case 1, a three-phase short-circuit grounded fault was applied at the PCC1 on the rectifier-
side of the VSC-HVDC system shown in Fig-4.1 at 0.1 s and the time duration was 150 ms.
Because the fault was closed to the wind farm whose SCR was smaller compared with
external power system on inverter-side which was usually set more than 3. The system is
sensitive to the grounded resistance of the fault. In order to avoid final instability, the
grounded resistance was set as 15 ohm. In this condition, the AC voltage at PCC1 dropped

from 0.9959 p.u. to 0.8647 p.u. shown in Fig-4.8 when the fault was applied at the 0.1s.
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Fig-4.8 The AC Voltage at PCC1 on the Rectifier-side

The comparisons of simulation results for the dynamic impacts on the inverters-side of the
VSC-HVDC system with two different control schemes for the rectifier-side VSC are shown
from Fig-4.9 to Fig-4.12. For the output active power at PCC2 in Fig-4.9, the overall changes
of the two curves are similar with nearly the same oscillation periods and changing trends.
However, the strength of the oscillation for Scheme 1 is bigger than that for Scheme 2 during
the fault. As seen from Fig-4.9, the undershoot for Scheme 1 is 137.6 MW at 0.1141 s and
that for Scheme 2 is 146.3 at 0.1146 s. After the fault, the power oscillations for Scheme 1
and 2 are similar with small differences. For the reactive power at PCC2 in Fig-4.10, the two
curves for Scheme 1 and 2 are nearly similar with small differences before and during the
faults. However, the overshoot for Scheme 1 is 3.54 MVar at 0.2626 s and it is bigger than
that for Scheme 2 which is 2.681 at 0.2596 s. For the DC voltage of inverter-side converter in
Fig-4.11, the strength of the oscillation for Scheme 1 is obvious than that for Scheme 2. For

the AC voltage at the PCC2 in Fig-4.12, these two curves are similar with small differences.

After review of these diagrams, there are two key features for this case event: Firstly, the
dynamic impacts of this large disturbance on the inverter-side of the VSC-HVDC system

were not so obvious due to the control systems of the VSC-HVDC system as the buffer
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between the rectifier-side fault and the external system on the inverter-side and the whole
system recovered to normal operation after the quick transient processes. Secondly, with the
Scheme 1 and 2 for the rectifier-side VSC controller, the dynamic performance on the
inverter-side of the VSC-HVDC system is nearly similar with acceptable differences. So for
different control schemes on the rectifier-side, the dynamic performance on the inverter-side
is mainly controlled by the inverter-side VSC controller. So for the large-disturbances on the

rectifier-side, both of these control schemes are acceptable but Scheme 2 are a little bit better.
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Fig-4.9 The Output Active Power at PCC2 on the Inverter-side (Scheme 1 & 2)
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Fig-4.10 The Output Reactive Power at PCC2 on the Inverter-side (Scheme 1 & 2)
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Fig-4.11 The DC Terminal Voltage on the Inverter-side (Scheme 1 & 2)
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Fig-4.12 The AC Voltage at the PCC2 on Inverter-side (Scheme 1 & 2)

4.3.1.2 Case 2: The Short-circuit Grounded Fault at Inverter-side

In Case 2, a three-phase short-circuit grounded fault was applied at the PCC2 on the inverter-
side of the VSC-HVDC system at 0.1 s and the time duration is 150 ms. Because the fault
was closed to the inverter-side external system whose SCR is set as 3. The system on the
inverter-side is less sensitive to the grounded resistance of the faults than that with small SCR
such as offshore wind farms. So the grounded resistance was set as 5 ohm. In this condition,

the AC voltage at PCC2 dropped sharply from 1.0 p.u. to 0.5137 p.u. illustrated in Fig-4.13.
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The comparisons of simulation results on the rectifier-side of the VSC-HVDC system with

two different control schemes for the rectifier-side VSC are shown from Fig-4.14 to Fig-4.16.
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Fig-4.13 The AC Voltage at PCC2 at Inverter-side
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Fig-4.14 The Input Active Power at PCC1 on the Rectifier-side (Scheme 1 & 2)

For the output active power at PCC1 in Fig-4.14, the strength of the power oscillation for

Scheme 1 is obvious much stronger than that for Scheme 2 with maximum overshoot of

220.6 MW at 0.2571 s and the minimum undershoot of 182 MW at 0.2766 s. The power

oscillation for Scheme 2 is in the range of 195 to 200 MW. For the output reactive power at

PCCI in Fig-4.15, the strength of the power oscillation for Scheme 1 is obvious much

stronger than that for Scheme 2 with maximum overshoot of 30.77 MVar at 0.2756 s and the

minimum undershoot of -93.15 MVar at 0.2571 s. The power oscillation for Scheme 2 is in
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the range of -30 to -10 MVar. For the AC voltage at PCC1 in Fig-4.16, the strength of the

voltage oscillation for Scheme 1 is obvious much stronger than that for Scheme 2 with

maximum overshoot of 1.16 p.u. at 0.2581 s and the minimum undershoot of 0.9082 p.u. at

0.1286 s. The voltage oscillation for Scheme 2 is in the range of 0.98 p.u. to 1.01 p.u..
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Fig-4.16 The AC Voltage at PCC1 on the Rectifier-side (Scheme 1 & 2)

Compared the dynamic performance on the rectifier-side converter with these two control

schemes from Fig-4.14 to Fig-4.16, there are three key features for the simulation results: For

such large disturbances on the inverter-side, the dynamic impacts on the offshore wind farms

are obvious due to the small SCR of the offshore wind farm. However, with the control
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systems of the VSC-HVDC system, the offshore wind farm returned to stable operation
condition even with several oscillation swings. Secondly, the dynamic impacts with Scheme
1 are more obvious than those with Scheme 2. Duo to control of the AC voltage at PCC1 of
the offshore wind farm, the changes of power exchange between the offshore wind farm and
the VSC-HVDC system maintained at acceptable levels. However, with great changes of AC
voltage at PCC1 shown in Fig-4.16, the reactive power changed significantly from initial -20
MVar suddenly dropped to nearly -93.15 Mvar in Scheme 1. So Scheme 2 is more suitable

for the rectifier-side converter.

Considering the overall dynamic performance with the two control schemes on the rectifier-
side converter of the VSC-HVDC system, the Scheme 2 for controlling the terminal voltage
of rectifier-side PCC is more suitable for connecting the offshore wind farms consisting of

the WT-DFIGs in terms of transient stability.
4.3.2 Case Studies for VSC-HVDC System Connecting with WT-PMSGs

In this simulation system in DIgSILENT/PowerFactory, the offshore wind farms with total
rated 144 MW rated WT-PMSGs was connected with the £150 kV 300 MW rated bipolar

VSC-HVDC system. The details of the simulation system are described in Appendix F.

4.3.2.1 Case 3: The Short-circuit Grounded Fault at Rectifier-side

In Case 3, with the same case event in Case 1, the AC voltage at PCC1 dropped from 1.0 p.u.
to 0.8582 p.u. shown in Fig-4.17 when fault was applied at 0.1 s. After 150 ms, the fault was
removed and the voltage returned to normal condition of 0.9924 p.u. after several oscillation
swings. So the simulation results for the dynamic impacts on the inverters-side of the VSC-
HVDC system with two different control schemes for the rectifier-side VSC are shown from

Fig-4.18 to Fig-4.21.

&9



AC Voltage (p.u.)

Active Power (MV)

Reactive Power (MVar)

1.05 X:0.2513

I

Y: 1.032 ;
X: 0.4477
X: 0.1 \ Y: 1.007 X: 0.9733
1 Y: 0.9972 ,/"'\\ Y: 0.9924
\\/ ~— T
0.95
X: 0.25
0.9 TG Y:0.8919
0.85 X: 0.1006
Y: 0.8582
t
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)
Fig-4.17 The AC Voltage at PCC1 on the Rectifier-side
200 X: 0.2723 w w
Y: 179.1 === Scheme 1
180 n Scheme 2
n
160 1"
I
140 X: 0.1023 || ”
Y: 124.6 Y\‘ I
120 ‘\ ?'N
L } I
100 :‘ //\/ : 1
| ]
80 I X:0.1253 :
| Y:9314 I
60 : n ,'
\
1 |' WAy
40 L | (%
I| ]
/i
20 i
L]
% 0.1 X:0.1243 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Y:5.009 Time (s)
Fig-4.18 The Output Active Power at PCC2 on the Inverter-side (Scheme 1 & 2)
" X: 0.2693
Y: 34.34 I I
s === Scheme 1
30 n Scheme 2
n
n
n
20 X: 0.1453 1
Y: 1211
10 ) 11 | X:0.3253
it LV Y:4.876
13 y\i A
0 !A\~fbv ﬁ’“\f‘\ Cganke e
-
v |\‘| ‘\I
[l A\
10 ¥ \
1 ] 1
] .
(]
20 u X: 0.2973
X:0.1163 LE ekt }
-300 0.1 \6 -23'11 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

Fig-4.19 The Output Reactive Power at PCC2 on the Inverter-side (Scheme 1& 2)
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For the output active power at PCC2 in Fig-4.18, the strength of the power oscillation for

Scheme 1 is obvious much stronger than that for Scheme 2 with maximum overshoot of
179.1 MW at 0.2723 s and the minimum undershoot of 5.009 MW at 0.1243 s. The power
oscillation for Scheme 2 is in the range of 90 to 140 MW. For the output reactive power at
PCC2 in Fig-4.15, the strength of the power oscillation for Scheme 1 is obvious much
stronger than that for Scheme 2 with maximum overshoot of 34.34 MVar at 0.2693 s and the
minimum undershoot of -23.17 MVar at 0.1163 s. The power oscillation for Scheme 2 is in
the range of -10 to 10 MVar. For the DC voltage on the inverter-side in Fig-4.20, the strength
of the voltage oscillation for Scheme 1 is obvious much stronger than that for Scheme 2 with
maximum overshoot of 1.034 p.u. at 0.2643 s and the minimum undershoot of 0.968 p.u. at

0.1143 s. The voltage oscillation for Scheme 2 is in the range of 0.99 p.u. to 1.01 p.u..

For the AC voltage at PCC2 in Fig-4.21, the strength of the voltage oscillation for Scheme 1
is obvious much stronger than that for Scheme 2 with maximum overshoot of 1.015 p.u. at
0.2673 s and the minimum undershoot of 0.9886 p.u. at 0.1153 s. The voltage oscillation for

Scheme 2 is in the range of 0.995 p.u. to 1.005 p.u..
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Fig-4.21 The AC Voltage at the PCC2 on Inverter-side (Scheme 1 & 2)

Compared these diagrams in Fig-4.18 to Fig-4.21., there are two key features for this case
event: Firstly, the whole system returned to normal operation condition after the transient
oscillations under this disturbance with these two control schemes. Secondly, strengths of the
oscillations with Scheme 1 are greater than those with Scheme 2. In general, Scheme 2 is

more suitable than Scheme 1 for this case event.

4.3.2.2 Case 4: The Short-circuit Grounded Fault at Inverter-side
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Fig-4.22 The AC Voltage at PCC2 at Inverter-side

In the Case 4, the same fault was applied similar to that in Case 2. In this condition, the AC

voltage at PCC2 in Fig-4.22 dropped sharply from 1.0 p.u. to 0.6245 p.u. at 0.1 s. After 150
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ms, the fault was removed and AC voltage at PCC2 recovered to normal operation after the

transient process.

For the output active power at PCC1 in Fig-4.23, the strength of the power oscillation for
Scheme 1 is obvious much stronger than that for Scheme 2 with maximum overshoot of
143.9 MW at 0.2593 s and 0.3013 s, the minimum undershoot of 141.1 MW at 0.2723 s. The
power oscillation for Scheme 2 is in the range of 142.5 to 143 MW. For the output reactive
power at PCC2 in Fig-4.24, the strength of the power oscillation for Scheme 1 is obvious
much stronger than that for Scheme 2 with maximum overshoot of -7.719 MVar at 0.2763 s
and the minimum undershoot of -16.4 MVar at 0.3073 s. The power oscillation for Scheme 2
is in the range of -12 to -11 MVar. For the AC voltage at PCC2 in Fig-4.25, the strength of
the voltage oscillation for Scheme 1 is obvious much stronger than that for Scheme 2 with
maximum overshoot of 1.04 p.u. at 0.2633 s and the minimum undershoot of 0.9444 p.u. at

0.2783 s. The voltage oscillation for Scheme 2 is in the range of 0.99 p.u. to 1.0 p.u..
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Fig-4.23 The Input Active Power at PCC1 on the Rectifier-side (Scheme 1 & 2)
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oscillations with Scheme 1 are greater than those with Scheme 2.

Compared these diagrams in Fig-4.23 to Fig-4.25, there are two key features for this case
event: Firstly, the whole system returned to normal operation condition after the transient

oscillations under this disturbance with these two control schemes. Secondly, strengths of the

In general, Scheme 2 is more suitable than Scheme 1 for this case event. In general,
comparing the overall performance of VSC-HVDC system with these two control schemes

for the rectifier-side VSC controller during the large disturbances on both sides, Scheme 2



with the aim to control the AC voltage of the rectifier-side PCC is preferred to grid
integration of the offshore wind farms with WT-DFIGs and WT-PMSGs in terms of transient
stability.

4.4 Summary and Conclusions

In this chapter, the dynamic modelling of rectifier- and inverter-side converters has been
firstly represented for transient stability analysis. Then two different control schemes for the
rectifier-side converter of the VSC-HVDC systems have been proposed for grid integration of
offshore wind farms for transient stability analysis. Finally, the simulation systems for VSC-
HVDC systems connecting with two offshore wind farms consisting of WT-DFIGs and WT-
PMSGs are tested in DIgSILENT/PowerFactory to evaluate the dynamic performance of the
whole system with these two control schemes on rectifier-side of VSC-HVDC system. With
the comparisons of the simulation results, the control scheme with the aim of control of the
AC voltage at the rectifier-side PCC been validated as the preferred control scheme for
rectifier-side converter in the point-to-point VSC-HVDC system to connect with the large-
scale offshore wind farms consisting of WT-DFIGs and WT-PMSGs in terms of transient

stability.

95



Chapter 5
Modelling and Control of Bipolar Hybrid CSC/VSC

HVDC Systems

5.1 Introduction

Although the CSC-HVDC technology is still dominating the markets for GW-level long-

distance power transmission, the VSC-HVDC has great potentials to achieve the higher

technical specifications for voltage-levels and power ratings and it can provide new solution

to upgrade of current CSC-HVDC systems especially for long-distance power transmission.

Taking the BritNed CSC-HVDC project between the GB and Netherlands as an example, the

1000 MW project has been put into commercial operation in 2011 to strengthen UK’s role in

the EU’s electricity market [9]. In the future, with further development of pan-European

electricity market, the current CSC-HVDC system should be upgraded such as enhancing the

power capacity to meet the further requirements of cross-border power transmission between

GB and continental Europe. In this way, there are three possibilities for the upgrade schemes:

1) Upgrades of current components of CSC-HVDC systems to enhance the DC voltage
levels and power ratings;

2) Building of new CSC-HVDC systems to operate in parallel with current systems;

3) Building of new VSC-HVDC systems to operate in parallel with current CSC-HVDC
systems as the bipolar hybrid CSC/VSC HVDC systems.

Evaluating these schemes, the third is a preferred solution with the reasons as follows:

1) For the Scheme 1 and 2, the extra costs for AC filter banks and reactive power support
devices are needed. And such costs can be obviously reduced for scheme 3 due to the

characteristics of VSC-HVDC system that no needs for reactive power support [5];
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2)

3)

4)

The VSC-HVDC systems can even provide reactive power support to the paralleled
CSC-HVDC systems due to independent power control of VSC-HVDC systems [5].
Furthermore, during the maintenance of one converter station in the VSC-HVDC system,
the other converter station can operate as the STATCOM [114, 115, 144] to provide the
reactive power support to the CSC-HVDC system. So it will enhance the reliability,
flexibility and cost-efficiency of the upgraded systems;

For the power reversal, the voltage polarities of the CSC-HVDC systems should be
changed according to the changes of power flow directions. But the voltage polarities of
VSC-HVDC systems do not needed to change which is suitable for frequent power
reversals in the cross-border interconnectors [5, 6];

For the CSC-HVDC system, it has the potential risks of sub-synchronous torsional
interaction (SSTI) to damage the shafts of turbine-generators due to the CSC-HVDC
converters. With the support from VSC-HVDC systems, the risks of SSTI can be

improved [145].

Considering the benefits mentioned above, the scheme 3 of hybrid CSC/VSC HVDC systems

is an effective solution to the upgrade of the current CSC-HVDC systems to maximise their

potentials with improved operation reliability, flexibility and cost-efficiency to meet the

further requirements for long-distance power transmission. And such upgrade scheme has

been approval for the upgrade of the existing monopolar Skagerrak 3 CSC-HVDC Link

which was established in 1993 between Denmark and Norway. The new Skagerrak 4

monopolar VSC-HVDC project is expected to be commissioned in 2014 and work in parallel

with the Skagerrak 3 CSC-HVDC Link as the bipolar hybrid CSC/VSC system to increase

the power transmission capability from 440 MW to 1140 MW.
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In this chapter, the modelling of the CSC-HVDC system is investigated at first to determine
the key factors for the dynamic performance of the whole system in the transient stability
analysis. Secondly, the control strategies for the rectifier- and inverter-side converters are
designed to achieve the coordination between each other to maintain the operation stability
under small and large disturbances. Thirdly, the updating schemes for the existing CSC-
HVDC are described to improve two key issues of CSC-HVDC systems with the support
from the parallel VSC-HVDC systems. Finally, the bipolar CSC- and hybrid CSC/VSC
HVDC systems are built in DIgSILENT/PowerFactory for transient stability analysis to
evaluate the whole performance of the CSC-HVDC systems and feasibilities of the proposed
upgrade scheme for the CSC-HVDC systems with the support of the VSC-HVDC systems in

parallel for power transmission.

5.2 Configuration of CSC-HVDC Systems
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Fig-5.1 The General Configuration of 24-Pulse Bipolar CSC-HVDC Systems

The CSC-HVDC systems are commonly classified into three types according to their
configurations: monopolar, bipolar and homopolar layouts. For the real industrial applications,
the bipolar links are mostly built due to their advantages over other two types such as

independent operation of valve groups in two polarities and no ground current [2]. The
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general configuration of the bipolar CSC-HVDC systems is shown in Fig-5.1 above and they

usually contain two groups of basic monopolar links in the positive- and negative-polarity.

For the homopolar links, the configuration is very similar to Fig-5.1. However, the same

polarity, usually the negative polarity, is used for all the valves groups. The detailed

configurations of monopolar and homopolar CSC-HVDC systems are described in [2]. The

key components in the one polarity of the 24-pulse bipolar links are listed as follows:

1)

2)

3)

4)

5)

Converters: Two 6-pulse valve bridges on each side to perform the AC-DC power
transformations and they are connected in series to obtain required DC voltages for
HVDC systems.

Converter Transformer: two converter transformers with Y/Y and Y/A connections are
connected between the AC buses and two valves bridges respectively to not only adjust
the AC voltages of HVDC converters with tap-changers [2, 4] but also effectively
eliminated the 5th and 7th harmonics on the AC-side to reduce the costs for such
harmonic filters [2].

AC Filter Banks: for the 12-pulse valve bridges, the 11th, 13th and 23th harmonics are
the main components of AC harmonics so the filter banks consisting of three branches
are designed to eliminate the effects of the harmonics with such orders [2].

Reactive Power Suppliers: for the normal operation of CSC-HVDC system, it should
absorb large amount of reactive power. So reactive power support devices should be
needed for maintaining the AC-side voltages of valve bridges at rated levels. In this way,
reactive power suppliers such as shunt capacitor banks or FACTS devices such as SVCs
(Static Var Compensators) and STATCOMs can be connected to the AC buses in shunt
to realise the adjustable reactive power compensation [114, 115, 144].

Smoothing Reactors: On the DC-side, smoothing reactors with large inductance are

connected to the DC-sides of converter with the main purposes described in [2]:
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5.3 Modelling of CSC-HVDC System

5.3.1 The Characteristics of Thyristor Valves

The thyristor valves shown in Fig-5.2 can be acted as the controllable diode. It only can be
conducted when two requirements are both met:
1) The relative voltage between the Anode polarity and Cathode polarity is positive;

2) The ignition signal is sent to the Gate polarity to make the thyristor switch-on.

When the two requirements are met, the current goes from the Anode polarity to Cathode
polarity. When the relative voltage between these two polarities is negative, the thyristor is

blocked and the current through the thyristor is zero.

Gate
Anode Cathode

+ —_

Fig-5.2 The Diagram of Thyristor Valve

5.3.2 Modelling of Rectifier-side CSC

| \_/ Vide

%I
4
4

Fig-5.3 The Diagram of 6-Pulse Bridge for Thyristor-based AC/DC Converter
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Fig-5.5 The Comparisons between DC Currents for a=0° and 15° at Rectifier-side Converter

The equivalent circuit of the thyristor-based AC/DC converter on the rectifier-side is shown

in Fig-5.3 [2]. In this diagram, the DC voltage on the rectifier-side can be expressed by:

W2

V="V
rdcQ P rac (51)

where V4.0 1s the DC voltage without ignition and overlap delays and V. is the RMS value
of AC-side voltage of valve bridges. The thyristor can be controlled to conduct by the
delayed ignition signal, the so called “delay angle” a, so the DC voltage with ignition delay

but no overlap delay is given [2]:
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Vide =Vgeo COSQ (5.2)

So DC voltages and currents on the rectifier-side converter with a=0° and 15° are shown in
Fig-5.4 and Fig-5.5. Due to the effects of AC inductance, the specific time delay exists for the
transfer of phase currents and this specific time is called “overlap time” u. So the
commutation from one-phase current to another starts at the time o and finishes at the time
o+u, 0 1s defined as the so-called “extinction angle” which equals the sum of a and u. So the

DC voltage on the rectifier-side with the effects of ignition and overlap delays is given by [2]:

v
V. :%(COSOHCOS& (5.3)

And the DC voltage can be also represented by:

I/rdc - Vrch cosa — Al/rdc = I/rch Cosax — chldc (54)
3 3

ch = _a)ch = _ch (55)
T T

where R. is the so-called equivalent commutating resistance [2] to express the effects of
overlap delay of AC inductances for the DC voltage drop on the rectifier-side. So DC voltage

and current on the rectifier-side converter with and without overlap delay at a=0° are shown

in Fig-5.6 and Fig-5.7.
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Fig-5.6 The Comparisons between DC Voltage with and without Overlap Delay
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5.3.3 Modelling of Inverter-side CSC
For the modelling of the inverter-side converter, the principles are similar to those for
rectifier-side converter. Because the values for a and u are in the range between 90° and 180°,

the two other variables are usually defined for the inverter given by:
f=r-a (5.6)
y=mr—0 (5.7)
where /£ is the ignition advance angle, y is the extinction advanced angle. And the DC voltage

on the inverter-side is given by [2]:

V.
Vie =%(008ﬂ+008 7) (5.8)
or given by [2]:
I/idc = I/idco cos 7/ - Ricldc (59)

5.4 Control Strategies for CSC-HVDC Systems

5.4.1 The Normal Operation Characteristics of CSC-HVDC System

With the expressions of DC voltages on the rectifier- and inverter-side in (5.4) and (5.9), the

DC current cross the CSC-HVDC system is given [2]:
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3\F 2V, . cosa—V, cosy)
“ ﬂ-(ch L Ric)

(5.10)

As seen from the (5.10), the CSC-HVDC systems are controlled by the fast-response a and y
in milliseconds primarily and AC voltages of the converters regulated by the supplementary
on-load tap-changers (OLTC) of the converter transformers in seconds. Furthermore, in order
to achieve the high power factor of the CSC-HVDC systems, the a and y should be kept as
low as possible [2, 4]. As a result, the o and y are the key control objectives for the controllers
of the rectifier- and inverter-side converters. For the practical operation characteristics of
CSC-HVDC systems, the operation curves of DC voltages versus DC current are shown in

Fig-5.8 for the rectifier- and inverter-side converters.

Rectifier

Inverter

Normal

CF A Operation Point

A &C / , CEl‘A

F «— VCDOL

0 E Ide

Fig-5.8 The Relationship of V. and I,. in the CSC-HVDC Systems

Normally, the constant DC current mode (CC) [2, 4] is chosen for the rectifier-side controller
in its operating points from the C to D in Fig-5.8 by changing the o in responses to the
derivations between the I, and its current order /,.,. For the inverter-side, the constant DC
voltage mode (CV) from H to J is applied for the practical operation of CSC-HVDC systems,

And the constant extinction angle mode (CEA) from J to K is proposed as well in [2, 4]. So
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these two modes are applied together for different operation condition. And the cross-point 7

of the two operation curves is the normal operation point for the CSC-HVDC system.
5.4.2 The VDCOL Characteristics of CSC-HVDC System

In the operation curves shown in Fig-5.8, the operating points from D to E and from F to G
for the rectifier- and inverter-side converters reflect the characteristics of voltage-dependent
current-order limit (VDCOL) for reducing the current orders in responses to the condition of
low-voltage dynamically to solve the problems caused by low voltages during abnormal
operation condition [2].

5.4.3 The Rectifier-side CSC Controller

According to the operating curves of CSC-HVDC system, the rectifier-side CSC controller is
shown in Fig-5.9 for the CC mode by regulating o in response to the derivations between the

1. and its current order /,,4 in (5.11) via the PI controller.

I,,= (5.11)

where P,,,1s the per-unit input power order for the normal operation of the system.

I/m > F
V i — prr m
"
B —
V G »| vbcoL Ve
dc 1+sT
[ % Max
] > Min ord A] PI s f (04 R Rectifier
—
ord Min
Limiter
G
I dc 1+sT OLTC Ntap=

Fig-5.9 The Rectifier-side CSC Controller

If the DC voltage on the rectifier-side drops below the point D, the function of VDCOL will
be applied to reduce the /,,; dynamically in response to voltage drops. And the slow-response
OLTC controller is applied as the supplementary controller to increase the AC voltages by

changing the tap-positions of the tap-changers in the rectifier-side converter transformers to
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help support the fast-response a controller for maintain the stability operation when the a

reaches its minimum limit [4].
5.4.4 The Inverter-side CSC Controller

According to the operating curves of CSC-HVDC system, the inverter-side CSC controller is
shown in

Fig-5.10 for the CV and CEA modes: the inverter-side DC voltage V4 and y are compared
with their reference values respectively. And the minimum-selector is applied to send the
minimum derivations to the PI controllers for regulating the specified y for the inverter-side

converter.
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Fig-5.10 The Inverter-side CSC Controller

5.5 Support of VSC-HVDC Systems for CSC-HVDC Systems

5.5.1 Two Key Issues of CSC-HVDC Systems

5.5.1.1 Reactive Power Support
For the normal operation of the CSC-HVDC systems, the reactive power compensations are
needed. According to the power flow analysis of the CSC-HVDC systems, the relationship

between the converter’s active power P, and reactive power (J. can be approximately
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represented by the linear curve shown in Fig-5.11. The reactive power is changing

dynamically in responses to the different power ratings of the CSC-HVDC systems.
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Fig-5.11 The Relationship of Active- and Reactive Power in CSCs

Currently, there are three possibilities: the shunt capacitors, the AC filter banks and the
FACTS-based devices such as SVCs and STATCOMs. Besides the function as the harmonic
filters, the AC filter banks can play the roles as the shunt capacitors for reactive
compensations [2, 4]. So the AC filter banks are regarded as the economic solution to
reactive power compensation for the CSC-HVDC systems. However, due to the
characteristics of capacitors for charging and discharging, the response-time for the AC filter
banks is very slow (Average 5-6 s to switch-on or —off). Furthermore, the power capacity of
each capacitor branch is fixed and the reactive power is not able to change dynamically
according to the changes of power rating of CSC-HVDC systems. For the FACTS-based
devices such as SVC and STATCOMs, they can provide the reactive power dynamically
according to the changes of power rating. However, the costs for such devices are much
higher comparing with the costs for AC filter banks. The VSC-HVDC systems have the
functions similar to the VSC-based STATCOMs to provide the reactive power support
according to the characteristics of VSC-HVDC systems for dynamic control of reactive
power in response to the changes of the power rating [5, 6]. In this way, the VSC-HVDC

systems can not only increase the transmission capacity but also provide the extra reactive
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power support to the neighbouring CSC-HVDC systems in parallel dynamically and the costs
for extra reactive power compensators can be largely reduced.

5.5.1.2 Inverter-side Commutation Failure

The failure of the commutation before the transfer of the phase voltages is called the
commutation failure [2]. Such abnormal condition will bring great damages to the valve
bridges and the converters should be blocked when such abnormal condition exist. The
commutation failures are mainly caused by low AC voltages due to the short-circuit faults [2,
4] and they are more common on the inverter-side than the rectifier-side. And the VSC-
HVDC Systems can provide the fast AC voltage support for the CSC-HVDC Systems to

mitigate the potential risks of commutation failures mentioned in [118].
5.5.2 Configuration of Bipolar Hybrid CSC/VSC HVDC Systems

The bipolar hybrid CSC/VSC HVDC systems are suitable for upgrade of the monopolar
CSC-HVDC systems mentioned in Section 5.1, operating in parallel with neighbouring
monopolar VSC-HVDC system as the bipolar hybrid HVDC system shown in Fig-5.12. The
strategies of the power reversal for the bipolar hybrid HVDC systems are proposed in [118]

with the coordination of circuit breakers in the converter stations.

I I
—@—K} ZEQF—@—
L L

: :

Fig-5.12 The Configuration of the Bipolar Hybrid CSC/VSC HVDC System
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5.5.3 Support of the VSC-HVDC Systems to the CSC-HVDC Systems

Considering the two key issues of the CSC-HVDC systems mentioned in Section 5.5.1, the
control modes for the rectifier- and inverter-side of the monopolar VSC-HVDC system for

the support to the neighbouring monopolar CSC-HVDC system are listed below:

Table-5.1 The Control Modes of VSC-HVDC System in Hybrid CSC-VSC/HVDC System

Rectifier Inverter
d-axis Control Mode P Ve
g-axis Control Mode 0 0

For the d-axis VSC controllers, the control modes are similar to general VSC-HVDC systems
shown in Section Chapter 14.2: P mode for rectifier-side converter to supervise and control
the input active power of the VSC-HVDC system and the ¥, mode to supervise and control
the DC voltage of inverter-side converter for the balance of AC and DC power transformation
of VSC-HVDC systems. The @ Mode is applied to the g-axis VSC controllers on the both
sides of this VSC-HVDC system to supervise and control the reactive power for the needs of
reactive power compensation for the CSC-HVDC systems during the steady operation. For
the large disturbances on the inverter-side, especially the short-circuit faults, the VSC on the
inverter-side will provide fast and flexible reactive power support to maintain the AC voltage
of the inverter-side converter at the specific levels during the condition of short-circuit faults

to avoid severe voltage dips to cause the inverter-side commutation failures [2, 4, 114].

5.6 Case Studies

5.6.1 Simulation Systems

For Case 1 to 3, the bipolar £250 kV 1000 MW rated CSC-HVDC system was firstly built in
the DIgSILENT/PowerFactory for power transmission with the length of 200 km. The details
of the bipolar CSC-HVDC systems are described in Appendix G. For Case 4 and 5, the

bipolar hybrid CSC/VSC HVDC system was built in DIgSILENT/PowerFactory as well with
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parallel operation of the +250 kV 500 MW rated monopolar VSC-HVDC and the -250 kV
500 MW rated monopolar CSC-HVDC links as the bipolar £250 kV 1000 MW hybrid system.
The details of the bipolar CSC/VSC Hybrid HVDC systems are described in Appendix G.
The SCR of the external systems on both sides of HVDC link is 3.

5.6.2 Case 1: Increasing the Power Rating of CSC-HVDC System

In Case 1, the power rating of the bipolar CSC-HVDC system increased suddenly from 1.0
p.u. (1000MW) to 1.1 p.u. (1100MW) at 1.0 s as shown in Fig-5.13. According to (5.11), the
current order /,,, shown in Fig-5.14 changed in response to the changes of power order P,,,

and the rectifier-side DC Voltage V4. shown in Fig-5.15.
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Fig-5.13 The Increase of Power Reference of CSC-HVDC System
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Fig-5.14 The DC Current and Its Current Reference on Rectifier-side
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Fig-5.15 The DC Voltage on the Rectifier Side

The increased /,,, caused the firing-angle o of the rectifier-side converters to decrease with
the purpose of forcing the actual DC current to trace the /,,4 via the rectifier-side current PI
controller. Due to the functions of PI controller and the relatively small SCR of the external
system on the rectifier-side, an overshoot of 1.037 (1.26%) at 1.222 s in the curve of the
actual DC current /;. shown in Fig-5.14. And the system returned to normal condition of
1.024 p.u. at 1.496 s. For the rectifier-side DC Voltage V4 in Fig-5.15, the overshoot of
1.083 p.u. (0.2%) appeared at 1.033 s and the system returned to the normal condition at

nearly 5.523 s.
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Fig-5.16 The Firing-angle of the Rectifier-side Converters
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The changes of o are illustrated in Fig-5.16, the undershoot of 11.62° (22.5%) appeared at
1.127 s and « returned to another operating condition of 13.11° at nearly 1.756 s after the
transient process. The extinction angle y of the inverter-side converters shown in Fig-5.17
changed simultaneously in response to the changes of o to maintain the voltage drops across
the two sides at acceptable levels. The undershoot of 24.5° (2.19%) appeared at 1.143 s and
the overshoot of 25.09° (0.1%) appeared at 1.503 s. After the transient process, the y returned

to normal operation condition of 25.04° at nearly 1.753 s
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Fig-5.17 The Extinction Angle at the Inverter-Side Converters
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Fig-5.18 The Input active Power to Rectifier-side Converters

112



As for the active power P, sent from the rectifier side shown in Fig-5.18, it changed with
nearly the same trends as the ;. because the rectifier-side DC voltage V4. changed slightly
compared with the changes of 1;.. An overshoot of 1111 MW (1.45%) appeared at 1.193 s
and the system returned to normal operation condition of 1095 MW at nearly 1.193 s. For the
reactive power O, shown in Fig-5.19, a sudden decrease appeared due to the fast-response of
firing-angle at the initial stage. After the initial decrease, it increased with the same trends as
the P, according to the power characteristics of thyristor-based converters described in
Section 5.5.1.1. An undershoot of 456.4 MVar (1.5%) appeared at 1.033 s and an overshoot

of 502.4 (0.4%) at 1.315 s. The system returned to normal condition of 500 MVar at nearly

1.74 s.
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Fig-5.19 The Input Reactive Power to Rectifier-side Converters

Review of all the simulation results, for this scenario, it just brought obvious impacts on the
firing angle o during the transient process. For other variables, the dynamic impacts for very
small in terms of magnitudes of the over/undershoots. Furthermore the whole system can
return to the normal operation with the proper functionalities of converter controllers on both

sides of the CSC-HVDC system.
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5.6.3

In Case 2, a three-phase short circuit grounded fault was applied at the AC Bus B2 shown in
Fig-5.1 on the inverter—side of CSC-HVDC system at 0.5 s and the time duration of the fault
is 0.15 s. The SCR of the external systems on both sides of HVDC was set as 3. The systems
on both sides are not so sensitive to the grounded resistance as those with SCR less than 2. As

a result, the grounded resistance was set as 10 ohm to make the AC voltage at B2 just drop to

Case 2: Three-phase Short-circuit Fault on Inverter-side
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Fig-5.21 The DC Voltage of the Inverter-side DC Bus

0. 688 p.u. when the fault was applied at 0.5 s shown in Fig-5.20.
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Fig-5.22 The Extinction Angle at the Inverter-Side Converters
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Fig-5.23 The Firing-angle of the Rectifier-side Converters

Following this sudden AC voltage drop, the inverter-side DC voltage Vi, was expected to
drop in a similar manner shown Fig-5.21. An obvious difference between the AC and DC
voltage curves appeared at the time when the fault was removed at 0.65 s. A suddenly
overshoot of 0.9496 p.u. appeared at 0.6573 s and it was mainly caused by the reactions of
inverter-side voltage controller which led to sudden changes in y shown in Fig-5.22 in
response to the sudden increase of V;; when the fault was removed. The undershoot of 13.78°

(45%) appeared at 0.5326 s and the overshoot of 42.71° (71.1%) appeared at 0.6826 s. After
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the transient process, the y returned to normal operation condition of 24.96° at nearly 1.133 s.
The changes of « are illustrated in Fig-5.23 in response of the V. to maintain the voltage
drops between the two sides at the acceptable level. The overshoot of 30.76° (104.93%)

appeared at 0.6373 s. After the transient process, the a returned to normal operation condition

of 14.92° at nearly 1.214 s
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Fig-5.24 The Input Active Power to Rectifier-side Converters

The rectifier-side input power P, and Q,, the rectifier-side AC voltage changed in response to
the changes of a are illustrated in Fig-5.24 to Fig-5.26. For the P,, the undershoot of 724.6
MW (27.54%) appeared at 0.6753 s and the overshoot of 1183 MW (18.3%) appeared at
0.5333 s. After the transient process, the P, returned to normal operation condition o at nearly
1.232 s. For the Q,, the overshoot of 767.8 MVar (64.97%) appeared at 0.5623 s. After the
transient process, the O, returned to normal operation condition o at nearly 1.12 s. For the
Vyac, the undershoot of 0.9143 p.u. (8.57%) appeared at 0.5433 s the overshoot of 1.027 p.u.
(2.7%) appeared at 0.6733 s. After the transient process, the V,,. returned to normal operation

condition o at nearly 1.112 s.
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Fig-5.26 The AC Voltage on the Rectifier-side

Review of all the simulation results, for this scenario, it just brought big impacts all the

variables during the transient process. However, the whole system can return to the normal

operation with the proper functionalities of converter controllers on both sides of the CSC-

HVDC system.
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5.6.4

Case 3: Three-phase Short-circuit Fault on the Rectifier-side
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Fig-5.28 The DC Voltage on the Rectifier-side

In Case 3, the three-phase short circuit grounded fault was applied at the AC Bus BI on the

rectifier-side of CSC-HVDC system at 0.5s and the time duration of the fault is 0.15s. The

grounded resistance of 10 ohm was applied as well similar to Section 5.6.3. So the rectifier-

side AC voltage V,,. and DC voltage V,,. are shown in Fig-5.27 and Fig-5.28 above. For the

Viac, @ suddenly overshoot of 1.087 p.u. appeared at 0.6555 s and the system returned to

normal operation at nearly 1.303 s. The V,, suffered from a severe voltage dip so that a

suddenly dropped to its minimum value to try to pull up the V.4 shown in Fig-5.29. The
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overshoot of 31.29° (108.46%) appeared at 0.7473 s. From the time range between 0.5223 s

and 0.6223, a was limited at its minimum value of 3°. At the same time, the inverter-side

controller dramatically increased y to keep the ;. flowing through the DC line from rectifier-

to inverter-side shown in Fig-5.30. The overshoot of 61.41° (146.62%) appeared at 0.5626 s

and the system returned to normal operation at nearly 1.213 s.
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Fig-5.30 The Extinction angle at the Inverter-side Converters

1.8

The rectifier-side input power P, and O, changed in response to the changes of a are

illustrated in Fig-5.31 to Fig-5.32. For the P,, the undershoot of 123.7 MW (87.63%)

appeared at 0.5293 s and the overshoot of 1512 MW (51.2%) appeared at 0.6793 s. After the

119



transient process, the P, returned to normal operation condition o at nearly 1.156 s. For the Q,,
the undershoot of 25.43 MVar (94.51%) appeared at 0.5273 s and the overshoot of 964.8
MVar (108.11%) appeared at 0.7063 s. After the transient process, the Q, returned to normal

operation condition o at nearly 1.192 s.
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Fig-5.32 The Input Reactive Power to Rectifier-side Converter

Review of all the simulation results, for this scenario, it just brought big impacts all the
variables during the transient process. However, the whole system can return to the normal
operation with the proper functionalities of converter controllers on both sides of the CSC-

HVDC system.
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5.6.5 Case 4: Reactive Power Support from VSC-HVDC System
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Fig-5.33 The Increases in the Power Rating from 1000 MW to 1050 MW in CSC-HVDC System

In Case 4, the power rating of this hybrid-HVDC system increased from 1.0 p.u. (1000 MW)
to 1.05 p.u. (1050 MW) at the 1.0 s shown in Fig-5.33. According to the operation
characteristics of the CSC-HVDC systems described in Section 5.5.1.1, extra reactive
compensations are needed in response to the increases of the power rating. In this way, it

should absorb extra 5.5 Mvar reactive power from the external system on the rectifier-side.
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Fig-5.34 The Comparisons of Input Reactive Power for Hybrid and CSC-HVDC Systems
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Within the support from the parallel VSC-HVDC system, the extra 5.5 MVar reactive power
was provided dynamically from the rectifier-side converter of the VSC-HVDC system to
balance the needs of reactive power support from the neighbouring rectifier-side of the CSC-
HVDC system shown in Fig-5.34. The overall changes of the two curves are similar with
nearly constant differences between 5.0 to 5.5 MVar. Furthermore, the VSC-HVDC system
itself did not need extra reactive power due to its operation characteristics [5, 6]. In this way,
no extra reactive power from the external power systems is needed for supporting the whole

bipolar hybrid CSC/VSC HVDC system.

Review of all the simulation results, for this scenario, with the support of VSC-HVDC link,
the extra reactive power can be provide to the neighbouring CSC-HVDC link continuously
during the transient process and the whole system can return to normal operation condition
after the transient process.

5.6.6 Case 5: Support of VSC-HVDC against Commutation Failure of
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Fig-5.35 The AC Voltage at the AC Bus of Inverter-side of Hybrid HVDC System
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In Case 5, a three-phase short-circuit grounded fault was applied at the AC Bus of the
inverter-side of the bipolar hybrid HVDC system at 1.1s and the time duration is 150 ms. It is
easier to trigger the inverter-side commutation failure if the external power system
connecting to the inverter is not strong [2]. So the SCR on inverter-side was set as 1.5. In this
way, the system on the inverter-side was highly sensitive to the grounded resistance of the
fault. As a result, it was set as 15 ohm to avoid final instability cause by the faults with too
much strength. So the AC voltage at B2 just droped to 0. 51 p.u. when the fault was applied

at 1.1 s shown in Fig-5.35.
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Fig-5.37 The Input Active Power on the Rectifier-side
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For the original CSC-HVDC system itself, due to such severe voltage dip, the converters on
the inverter-side suffered the commutation failure due to the low-voltage on the inverter-side.
And such accidents could bring huge damages to the inverter-side elements of the CSC-
HVDC system, so the thyristor-based converters on the inverter-side will be blocked to
protect again such severe accidents shown in Fig-5.36. The y of the inverter-side converters
dropped from initial value of 25.05° to zero due to the blocks of the converter controlled by
the protection system of the CSC-HVDC system. And the strengths the oscillations for the
dynamic response of the input power are very big to cause very significant oscillations during

the fault condition shown in Fig-5.37 and Fig-5.38.

X:1.167 ! ! ! = With V5C
Y:1092.1 ! ' ' u = fithout W SC

Reactive Power (MVAR)

Time ()
Fig-5.38 The Input Reactive Power on the Rectifier-side

With the support of the parallel VSC-HVDC system, it can monitor the reactive power of the
AC bus interconnected with the inverter-side of the CSC-HVDC system. As shown in Fig-
5.39, the inverter-side VSC dynamically changed the reactive power for the exchange
between the inverter-side CSC and VSC to maintain the V7, at the specific levels to avoid the
potential risk of commutation failures due to low voltage during the faults condition. With
such support from the parallel VSC-HVDC system, some potential commutation failure can

be mitigated with the fast and flexible reactive power compensation to support the AC

124



voltage for the CSC-converter on the inverter-side. And comparing the simulation results for
the extinction-angle of the inverter-side converters and the input power on the rectifier-side
without the support of VSC-HVDC system are shown in the Fig-5.36 to Fig-5.38, the
dynamic performance of CSC-HVDC system has been obviously improved with the support
of parallel VSC-HVDC system. For the two curves of P, in Fig-5.37, the undershoot of 552.5
MW appeared at 1.269 s for curve with VSC and the undershoot of 272.3 MW appeared at
1.165 s for curve without VSC. The overshoot of 1191.5 MW appeared at 1.125 s for curve
with VSC and the undershoot of 1235 MW appeared at 1.121 s for curve without VSC. The

system returned to the normal operation at nearly 2.354 s.
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Fig-5.39 The Changes of Reactive Power of Inverter-side VSC

For the two curves of O, in Fig-5.38, the undershoot of -220.5 MVar appeared at 1.276 s for
curve with VSC and the undershoot of -310.5 MVar appeared at 1.214 s for curve without
VSC. The overshoot of 467.5 MVar appeared at 1.170 s for curve with VSC and the
undershoot of 1092.1 MVar appeared at 1.167 s for curve without VSC. The system returned
to the normal operation at nearly 2.152 s. For the Reactive Power of Inverter-side VSC in
Fig-5.39, the undershoot of -189.8 MVar appeared at 1.251 s and the overshoot of 191.4.5

MVar appeared at 1.445 s. The system returned to the normal operation at nearly 3.335 s.
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Review of all the simulation results, for this scenario, with the support of VSC-HVDC link,
the potential risk of inverter-side commutation failure in the CSC-HVDC system can be
mitigated and the dynamic performance of the CSC-HVDC system can be improved as well
during the transient process avoiding the big impacts of inverter-side commutation. And the
whole Hybrid CSC/HVDC system can return to the normal operation after the short-circuit

fault with high severity.
5.7 Summary and Conclusions

In this chapter, the mathematical models and control strategies for rectifier- and inverter-side
of CSC-HVDC systems have been investigated for transient stability analysis. Furthermore,
the feasibility analysis of the upgrade schemes of the existing monopolar CSC-HVDC link
with the support of the neighbouring monopolar VSC-HVDC link working in parallel as the
hybrid bipolar CSC/VSC-HVDC system has been carried out to validate the performance of
the extra support from the VSC-HVDC link with specified control strategies to the
neighbouring CSC-HVDC link for extra reactive power compensation and mitigation of the

potential risks of inverter-side commutation failure.
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Chapter 6
Small-signal Modelling and Optimal Control of Multi-

terminal VSC-based HVDC Grids

6.1 Introduction

For the North Sea Supergrid Scheme (NSSS), the electricity transmission infrastructure is of
vital importance for grid integration of large-scale renewable energy systems such as offshore
wind farms around North Sea and hydropower power plants in the Nordic countries. With
great increases in the total installation capacity of large-scale renewable energy systems, the
current transmission systems, especially with the point-to-point structure, have gradually
shown their limitations on security and stability for connecting those renewable energy
systems. The advent of VSC-HVDC technology has gradually shown some overwhelming
advantages over conventional HVAC and CSC-HVDC technologies for the key capabilities
described in Section 1.1.2. In this way, the multi-terminal VSC-based HVDC (MTDC) grids
have been widely considered having great potentials as the solution to building the backbone
of electricity transmission infrastructure for the future NSSS [20-22, 121]. However, due to
the absence of MTDC systems in the world, the operation experiences for such systems are
limited. So the investigation of the operating characteristics of the MTDC systems and design
of the operation mechanisms for system security and stability are of great necessities for the
feasibility studies and technical specification establishments just like the grid code to move

towards making the NSSS a reality.

For the operation of Supergrid, the operating points of the MTDC grid should be changed

frequently due to different scenarios in power exchanges according to the marketing
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strategies of regional TSOs. For such MTDC grid, it should maintain the robustness in
response to different operating points and it will inevitably bring higher requirements for the
power dispatching and control strategies of the MTDC grid. On the one hand, the classical
nonlinear robust control methods are widely applied in the power system dynamic stability
control and have also been applied into the controller design of VSC-HVDC systems [146-
152]. However, the mathematical analysis and processes of the robust controller design are
too complex for the practical applications in the electric power systems. As a result, effective
methods should be investigated to achieve the balance between the complexity and feasibility

for the VSC controllers of MTDC grids.

On the other hand, for the VSC-HVDC systems, the classic linear PI controllers are

commonly used. The basic layout of a PI control loop is shown in Fig-6.1 which is expressed

by:
> K,
XOMZ
Ki
S
Fig-6.1 The Basic Layout of PI Controller
ref Ki ref
Xnut:Kp(Xin‘ _Xin)+_(Xin _Xin) (61)
S

There are two blocks in the basic PI control loop, the proportional and integral blocks. The
errors between input variable X;, and its reference X 7 are sent to the PI controller for tuning

as the X,,. After tuning two gain parameters K, for proportional block and K; for integral
block, the expected X,, can be obtained. The proportional block contributes to the

amplification of input errors. If the K, is too large, it is easy to make the system unstable. In
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contrast, a small K, makes the controller less sensitive. The integral block contributes to the
acceleration of the dynamic process towards the pre-defined setpoint and elimination of
steady-state errors. It could cause the overshoot over pre-defined setpoint. As a result, K, and
K;need to be tuned appropriately so that the system can keep stable with improvement of
overshoot and period of oscillation during the transient process [153]. With the development
of optimisation techniques, some method such as particle swarm optimisation (PSO) method
has been applied in the parameter optimisation of PI controllers of the elements in the electric
power systems [57, 136, 137, 154, 155]. However, the parameters of the PI controllers are
just optimised for the systems at one specific operating point but could not be applicable for
the systems at some other operating points. To obtain a set of optimised parameters of PI
controllers suitable for the MTDC grids at multiple operating points, the PSO method is
proposed to obtain a set of the optimised parameters of PI controllers for the VSCs in a

MTDC grid based on its improved small-signal models for multiple operating points.

In this chapter, the small-signal modelling of the three-terminal VSC-based HVDC grid is
carried out according to different control strategies of PI controllers for rectifier- and
inverter-side converters. Then the parameter optimisation with the PSO method for the PI
controllers of the VSCs in the three-terminal HVDC grid is carried out based on the small-
signal models of the system at multiple operating points. And with the small-signal analysis
and the comparisons of the dynamic performance of the three-terminal HVDC grid with the
sets of original and optimised parameters of the PI controllers, the feasibility of the PSO
method for the parameter optimisation of the PI controllers of VSCs in the MTDC grids is
validated to improve the dynamic performance of the MTDC grids at multiple operating

points under large disturbances.
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6.2 Topologies of Multi-terminal VSC-based HVDC Grids

VSC1

£l £t £

%
ol &
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VSC3 vsc2 VSC3

(a) Radial Structure (b) Triangle Structure

VSC1 vSC2

E Er

E o

VSC3 VSC4

(¢) Meshed Structure

Fig-6.2 The Topologies for Typical MTDC Structures

Different topologies of MTDC grids are described and compared in detail in [156]. In general,
the typical layouts of the MTDC grids can be divided into three types of structures shown in
the Fig-6.2. In the radial structure shown in Fig-6.2(a), the operation and control are not so
complex as those for the interconnected triangle and meshed structures in Fig-6.2(b) and (c).
However, in terms of the operation reliability and flexibility, the interconnected structures are
better than the radial structures. For the large-scale MTDC grids in the future, their structures
can be extended with the combinations among those three basic structures. For the current
condition, the initial three-terminal VSC-based MTDC grid with the radial topology is
proposed in the Eastern HVDC System Project in the UK for delivering the offshore wind

energy in the east coast and the renewable energy in Scotland to the England with UK’s
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increasing energy demands [9]. And the small-signal modelling and analysis in the next
sections are carried out based on this practical scheme of three-terminal VSC-based HVDC

grid with radial structure.

6.3 Small-signal Modelling of 3-terminal VSC-based HVDC Grid

6.3.1 Small-signal Modelling of Rectifier-side VSC

PVdC })rc V Rr + ja)er
- F'N < 2 — V
[rdc Prcap 1 ra
C V.
Vrdc r }—@ o rch I — Vmb
rb
N 2 T <Vr & 1 14
Ji _ 1 rsc

Rectifier-side Converter

Fig-6.3 The Diagram of Rectifier-side Circuit

For the rectifier-side converter shown in Fig-6.3, the three-phase AC voltages on the

converter- and system-side can be express in the (6.2) which is described in Section 4.2.1:

I/rsa = I/rc'a + Rr Ira + Lr dlm
dt
dl
ersb = ercb + errb + Lr — (62)
‘ dt
I/rvc = V:‘cc + Rr[rc + Lr dl"c
‘ dt

With park transformation, the three-phase AC voltages in the a-b-c coordinate system can be
expressed in the (6.3) in the d-g coordinate system which is described in Section 4.2.1 [102,
112]:

1
V., :Vd—RrI,d—erd—’dJrXI
t

FCa TS rorq

(6.3)

req rsq

dl.
Vg =Vig =Ry =L, —2= X, 1,
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The classic power controller are applied for the rectifier-side VSC controller with the similar
principles described in [104-106], the active and reactive power P, and O, on the system-side

can be expressed in the (6.4) [102, 112]:

0=V I —qu " (6.4)

rsq= rd rsd ] rq

{R ZV;sdIrd +V ]

Two variables x,; and x,, are defined by the (6.5):

x, =B ~P)

B (6.5)
%, =@ -0)
So the differential equations of these two variables are expressed in the (6.6):
% iref -P
d‘” (6.6)
) ref _
— C9 @

The references of d- and g-axis components of rectifier-side AC currents are regulated with

the equations expressed in the (6.7):

17 =K, (B" ~P)+ K, [ (B ~P)

» (6.7)
1Y =K,.(0 -0)+K,,[(Q7 -0)
The other two variables x,; and x,, are defined by the (6.8):
X, = [ -1,)
3 J. d | d (6.8)
xr4 = J‘(I:;f _Irq)
The differential equations of these two variables are expressed in the (6.9):
dxr3 ref ref
? = Iid - Ird = Krpl(R’ - Pi) + Krilxrl - Ird
4 (6.9)
X ref ref
724 = Irqf - Irq = Krp2 (Qr 7 - Qr) + Kri2xr2 - Irq
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As shown in Fig-6.4 below, the d- and g-axis components of AC voltages on system- and

converter-side, the AC currents and the current PI controllers can be given by the (6.10)

which is described in Section 4.2.1:

Viw = Vg =K (I = 1) =K, [ =1)+ X1,
Vg =Vg =Ko = 1) =K, [ = 1,) =X, 1,
rsd
fi— PL——( )7,

1, > X

I

rq > X
I:j—»é—» PI (O,
y 1

rsq

Fig-6.4 The Diagram of Current PI Controller on Rectifier-side

(6.10)

So the small-signal models for the rectifier-side converter are listed below in (6.11) to (6.15):

dAx,
d ¢ L= _Al)r = _Vrsd A[rd - I/r.quIrq - Ird AV;sd - [rqAI/rsq
dAx,
df 2= _AQr = _I/rquIrd + I/rsdA[rq + IrqAVrsd - IrdAI/rsq
dA, o
73 = A[rdf - Alrd = _Krp]APr + Kri]Axrl - Alrd
= Kri ler] - Krpllrd AV;sd - KrplquAI/rsq - (Krpr;sd + 1)A1rd - KrpIV;quIrq
dAx, i
dt 4 = Aquf _Aqu = _KrpZAQr‘ + KrizAer _A[rq
= KriZAxr‘Z + KrpZIrqAI/rsd - KrpzlrdAI/rsq - Kr'pZI/rquIrd + (KrpZI/rsd - I)A[rq
AI/rcd = AI/rsd - Krp3 (M:;f - AIra') - Kri3Axr3 + X}‘qu
= _KrpSKrilerl - KriBAxr3 + (Krlerp3Ird + I)Al/rsd + Krlerp3IrqAI/rsq
+Krp3 (Krpll/rsd + I)Nrd + (KrlerpSI/rsq + XV)A]rq
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AV, =AV, =K, (A" —AI ) —K,  Ax,,— X, Al

req rsq

= _KrpBKriZAer - Kri3Axr4 - Krp2Krp3IrqAI/rsd + (KrpZKrp3Ird + 1)AI/mq (6 15)
+(Krp2Krp3I/rsq - Xr )Alrd - Krp3 (KrpZI/rsd - 1)Aqu

6.3.2 Small-signal Modelling of Inverter-side VSC

Bdc Bc V Ri + ja)ivLi
< A 4 ica |—|—i
I [ | I | isa
idc ) [ .
icap ia
V ICI Vicb [ e |
ide -— - M | ish
I ib
icc | — | V
~ < —_ isc

Inverter-side Converter

Fig-6.5 The Diagram of Inverter-side Circuit

For the inverter-side converter shown in Fig-6.5, the three-phase AC voltages on the system

and converter-side can be expressed in the (6.16) which is described in Section 4.1.2:

I/iva = V;m + Ri[ia +Li %
| dt
dl.
Ve =Vip + R, + L, — (6.16)
| dt
Vie =Vie + R+ L, I,
dt

With park transformation, the three-phase AC voltages in the a-b-c¢ coordinate system can be
expressed in the (6.17) in the d-q coordinate system which is described in Section 4.1.2 [102,

112]:

V.

icd

if
N + X1,
dt

isd i

e (6.17)
—-RI, -1, 7;"1—)(.1”

Vg =V, ,

cq = isq

The DC voltage Vs of the inverter-side converter and the output reactive power Q; at the
inverter-side PCC are selected as the control targets for inverter-side VSC controller which

are described in [105, 110, 111]. And two variables x;; and x;, are defined by the (6.18):
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J.(V,;ff - zd(
= J‘(Q[n/ - Q,)

The differential equations of these two variables are expressed in the (6.19):

dxil _ Vref _
dt — Vide ide

dx,, ref
dt o" -G

(6.18)

(6.19)

The references of d- and g-axis components of inverter-side AC currents are regulated with

the equations expressed in the (6.20):
LY =K (V5 =V + K [0 Vi)
LY =K, (07 —0)+ K, [(Q7 -0)

The other two variables x;; and x;, are defined by the (6.21):

= J'(]’ef
J‘(Inf

The differential equations of these two variables are expressed in the (6.22):

dx rej ref
dt Itdf Izd:Ktp](I/idc;f ldc)+ lzl Iid
dx rej rej
dl‘ [ ! Ii = ip2(Q[ f_Q[)+Kii2xi2_qu
re
IY—s
Iid
I
q
ref
[ —s

I/isq
Fig-6.6 The Diagram of Current PI Controller on Inverter-side
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As shown in Fig-6.6, the d- and g-axis components of AC voltages on system- and converter-

side, the AC currents and the current PI controllers can be given by the (6.23):

Vicd = Visd _Kip3(lirdef _Iid)_KiiSJ.([i:ff _[id)+Xi1iq
, . (6.23)
Vq =Visq_Kip3(qu' _qu)_K'BJA(qu' _qu)_XiIia’

1C 1

So the small-signal models for the inverter-side converter are listed below in (6.24) to (6.28):

dAx,
d %= _AV;dc
. Ai (6.24)
dtiz = _AQl = I[qAI/isd - [idAV;Sc] - I/iqu[[d + V;sdAqu
dAx,
dtl3 = A]i:;f —Al, = _KiplAI/idc + K Ax, = Al (6.25)
dAxi ref
dt L= Aqu> _A]iq = _KipzAQi + K, Ax;, _Aliq (6.26)
= _KipZI/iqu]id + (KipZI/isd - I)Miq + Kii2Axi2 + KipZ]iqAI/isd - KipZIidAI/ixq
AV,y =42V, — Kip3 (N;ff - Mid) — K Ax;; + X[Miq (6.27)
= KileipsAVidc + KipSAIid + XiA[iq - KipSKiileil - Kii3Axi3 + AVM
AVicq = AVisq - Kip3 (Mz:;ef - qu) - KnsAxm - XiA[id
= (KipZKip3Visq —X)AL, - Kip3 (Kiszisd - I)Niq - Kip3Kii2Axi2 — K3 Ax;, (6.28)
_Kip2Kip31iqAV[sd + (Kip2Kip31id + I)Al/tsq

6.3.3 Small-signal Modelling of the DC Network

The active power between the AC- and DC-side of the converter is expressed by the (6.29)
which is described in Section 4.2.1 and 4.1.2:

P=V,,+V,I (6.29)

cq q
The active power in the DC capacitor is given by the (6.30):

AV

y (6.30)

p,=V,C

cap

So in the Fig-6.3 and Fig-6.5, the active power on the DC-side is expressed in the (6.31):
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P.=P—-P, =V, I, +V_I —Vdcc%zlfdcldc (6.31)

c c cap cq” q d 1

So the differential equation of DC voltage can be expressed in the (6.32):

av, Vul,+V,1

e g (6.32)
dt cv, “
Irdcl
GI Pl TI g €>1|~ R Irdel k3 ; Q L3 T3 P3  G3
PCC1 PCC3

{>1|~ INV

L2

T2
pcc2

N

Fig-6.7 The Three-terminal VSC-based HVDC Grid with Radial Topology

External
Power Grid

Due to the definition of the directions of the DC currents of three VSCs in the Fig-6.7, the
DC currents in this HVDC grid can be expressed in the (6.33):

I, +1,,+1,=0 (6.33)
And the relationships among the DC voltages V4.1, Viac2 and Vige at all the three-terminal can

be expressed in the (6.34):

(I/rdc] _I/dc) + (Vidc — Vdc) + (I/rd(:Z — I/dc) = 0 (634)
R, R, R

3

which the V. is the DC voltage at the common point of three branches in the DC grid, R;, R,
and R; are the resistance of the DC cables for each branch. According to the relationship
among the three DC voltages, V. can be expressed in the (6.35):

_RRYV i + RV yr + RRV
RR,+RR, + R R,

(6.35)

dc
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So the differential equations for the DC voltages of the three-terminal HVDC grid are

expressed by the (6.36):
dVrdcl — Vrcdl[rdl + Vrcql[rql + Rerdcz +R3Vidc _(Rz +R3)Vrdc1
dt Cr1Vrdc1 Rle + R2R3 + R1R3
dVrch — V;‘cd2lrd2 + Vrch[rﬂ + Rerdcl + R1Vidc — (Rl + Rz)Vrdcz
dt Cr2 Vrdcz R] Rz + R2R3 + R1R3
dVidc — Vicd[id + V;cqliq + RsVrdd +R1Vrdc2 B (R1 + R})I/idd
dt cv, RR,+R,R,+RR,

(6.36)

And the small-signal models of for the HVDC grid are expressed in the (6.37) to the (6.39):

dAerdcl _ _(I/rcdllrdl +I/rcqlqul + RZ +R3 )AV

dt Cer:‘?icl RIRZ + RZ R3 + Rl R3 e
+ RzAV;dcz +R3AV:'dc + IrdlAI/rcdl +IrqlAI/rcql + I/rct/l’lAIrdl + I/rcqlAIrql
R1R2 + R2R3 + R1R3 Crll/rdcl
dAV _ _(Vrcdzlrdz Vol N R +R, VAV
dt C, I/)‘;L’Z RR, + R,Ry + R\ R, e
+ RzAI/rdc] + RlAV;dC + IrdZAVrcd2 + IquAV:‘aﬂ + V:'chAIrdZ + I/rchAIqu
RIRZ + R2R3 + R1R3 CrZV;dCZ
dAV;dC — _ ViCd]id + I/icqliq T Rl + R3 )AV
dt CVa RR,+RR +RR
R3AI/rdCI + RIAI/I‘ch + ]idAV;cd + [iqAVicq + V;chIid + Vichqu
Rl RZ + R2 R3 + Rl R3 Ci Vidc

6.4 Small-signal Analysis

(6.37)

(6.38)

(6.39)

As shown in Fig-6.7, the three sets state variables for the VSCs REC1, INV and REC2 are

listed in the (6.40) to the (6.42) as the state variables in (6.43):

_ T
X =[AV X4 X, X5 X4]
_ T
X =[AVy Xy Xp X5 Xy]
_ T
X =[AV 0 X5 X X, Xl

X:[Xl X, x3]
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The d- and g-axis voltage components at the PCC1 to PCC3 are selected as the set of input

variables in the (6.44):

AV., AV AV

isd isq rsd?2

AV

rsq2

u= [Adel AV

T
] (6.44)
The d- and g-axis voltage components at the VSCs REC1, INV and REC2 are selected as the

set of output variables in the (6.45):

AV., AV AV

icd icq red?2

AV

y=[AV,, AV, ] (6.45)

reql

The d- and g-axis current components of VSCs REC1, INV and REC2 are selected as the a

set of temporary variables in (6.46)

T

i:[AIrdl qul Al Aqu Al,, Al (6.46)

rq2
So the state variables of this system can be expressed in the (6.47). And the details for each

matrix can be founded in Appendix D.

(6.47)

x=Ax+Bu+Cy+Di
y=Ex+Fu+Gi

For the converter, the voltages on the system- and converter-side can be expressed with this

relationship in the (6.48):
V.=V + jXI (6.48)
where V. and V, are the voltage vectors on the system- and converter-side, X is the total

reactance of the series AC reactor and transform between the system- and converter-side. So

the (6.48) can be expressed in (6.49) in the d-g coordinate system:

Ve Vcd_O_X 1, 6.4
VS(,_VC(,_X OXIq (6.49)

So the set of the temporary variables can be replaced by the combination of input and output

variables which are expressed in the (6.50):

i=H 'u—H"y (6.50)
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So the standard representation of the small-signal models of the system is expressed by the

(6.51) and (6.52):
i=[A+(C-DH")I+GH )" E]x
6.51)
+[(B+DH‘1)+(C—DH‘1)(I +GH ™Y (F +GH‘1)]u
y=(I+GH™")'"Ex+(I+GH™")" (F+GH ")u (6.52)

And the dynamic characteristics of the whole system at the specific operating point can be

reflected from the eigen-values in state matrix A" expressed in the (6.53):

A'=A+(C-DH "YI+GH')'E (6.53)
The A/ j,can be formed according to its steady states at the jth operating point. So for N units
of operating points, the A} is the state matrix for the representation of the whole system at all

the operating point expressed in the (6.54):

(A, 0 0 0 O
0o . 0 0 O
Ay=[ 0 0 A5 0 0 (6.54)
0 0 O 0
0 0 0 0 A,

6.5 The Particle-swarm Optimisation Method

The PSO method is an evolutionary computation (EC) technique initially proposed and
developed by Dr. Russell Eberhart and Dr. James Kennedy, who learnt from the studies of
social behaviours in the flocks of birds during their research [132, 133, 157]. In the PSO
method, the so-called particle (the candidate solution) moves with its own coordinates in the
solution space searching for its personal best solutions (called the personal best fitness Pfipess)-
The positions associated with the personal best solutions are named pbest (called the personal
best position). For all the particles, the best positions obtained by any particles in the solution

space for the global best solutions (called the global best fitness Giiness) are named gbest
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(called the global best position). The core concepts of the PSO methods are searching for the
Giimess 1n the solution space by moving the particles with accelerating manners toward their
own pbest as well as the gbest. For each step in the iteration, All the particles try to modify
their own positions in the solution space with the random weighting accelerations [157]. The
velocity of each particle for each step in the iteration can be expressed with the (6.55) [132,
133, 157]:

V' = wx V' +crand, X (pbest! — P*) +c,rand, x (gbest — P") (6.55)
where Vis the current velocity of the ith particle (ie[l,N]) at the kth step of iteration
(ke[1,M]); c; and ¢, are the weighting factors, rand; and rand, are the random numbers
distributing uniformly between O and 1; Pik is the current position of the ith particle at the kth
step of iteration; pbest; is the personal best of the ith particle; gbest is the global best of all the
particles. w is the weighting function which is usually expressed by (6.56) [132, 133, 157] :

w=w,,. —[(W,.. — Wy )Xk M (6.56)

where wyy,, 1s the initial maximum weight; wy;, is the final minimum weight; M is the total
number of the iteration; k is the current step in the iteration. So the updated of the P! can
be expressed in the (6.57):

Pik+1 _ Pik +Vik+l 6.57)
Defining the solution of the P,-k as f{ Pik ). Considering these two condition:

1) Ifff Pik )< f(pbest;), pbest; will be replaced by Pik,

2) Ifff Pik )< f(gbest), gbest will be replaced by P,-k,

In order to improve the searching performance of the general PSO algorithm, many mutation
mechanisms have been proposed to strengthen its capabilities for specific problems [137,

157].
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Fig-6.8 The Flow-Chart of Improved PSO Algorithm

The velocity- and position-mutation are considered for the improved PSO algorithm to avoid
the solutions being trapped in the local optimum. As seen from the (6.55), the velocities
would be very small when P/ is very close to the pbest; at the final stage of the iterations,
which might lead to trapping in the local optimum for this particle. So when the f(pbest;)
keeps unchanged for certain number of steps in the iteration, the velocity will be mutated
with the absolute value of initial velocity V;, which is a random value in the uniform

distribution [- V4, Vinaxi ], Which is expressed by the (6.58).
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After the mutation of velocities, if the f{pbest;) is still unchanged, the mutation of its position
P/ can be applied, which would reset its initial position and velocity but still keep the current
pbest;. In this way, it could decrease the possibilities to trap in the local optimums for the

particles. According to the principles mentioned, the flow chart of improved PSO method is

shown in Fig-6.8 above [137, 157].

6.6 Case Studies

6.6.1 Parameter Optimisation with PSO Method

In this case, a three-terminal VSC-based HVDC grid with the radial structure shown in Fig-
6.7 is connecting to two large-scale energy systems with rated 200 MW respectively. The
detailed parameters and the simulation system are described in Appendix H. At the initial
stage, the HVDC grid worked at the Operating Point 1. After 3 s, the whole system worked
at Operating Point 2. The details of the operating points are listed in the Table-6.1.

Table-6.1 The Details of Operating Points

REC1 REC2
Operating Point 1 | P,=200 MW P,=200 MW
Operating Point 2 | P;-170 MW P,=170 MW

And the PSO program was executed to search for the Gfiyess With the aim of making the
eigen-values of the state matrix with the maximum real-parts on the left-side of the complex
plane far from the zero point as far as possible in the range of iteration to maintain the
dynamic stability of the whole system [47, 57, 136]. With these principles, the criteria for

searching for the Gymess are given by the (6.59) [47]:

(6.59)

G e = Max(R(A), - R(A,), R(A,))
G <0

fitness
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where R(Z,) is the value for the real-part of the jth eigen-value of the state matrix which

including N unit of eigen-values ( j [1, N]).

Table-6.2 The Details of Computation Platform

CPU Intel Core2 CPU Duo CPU E8400 4.0 GHz
RAM 4.00 GB

Operating System Microsoft Windows 7

Developing Software MATLAB 2012a

Table-6.3 The Initial Configuration of PSO Program

Number of particle 100
Number of parameters 18
Number of iteration 200
Cy 2

C 2
Xonax 1.2
Xonin 0.5
Initial Giipmess 10000

The detailed information of the computation platform and the initial configuration of the PSO
program are listed in the Table-6.2 and Table-6.3. The PSO program ran for 8.917 s and the
Giimess decreased from 10000 to -14.7408 in the final. After the parameter optimisation with
the developed PSO program, the sets of original and optimised parameters of the PI

controllers of VSCs are listed in the Table-6.4.

Table-6.4 The Original and Optimised Parameters of VSC Controllers

VSC1 Krp1 (pu) Kri] (S) Krpz (pll) K,-,'z (S) Krpg (p.ll.) K,-,'3 (S)
Original | 2.0 20.0 2.0 20.00 0.6 6.0
Optimised | 1.0049 29.9986 1.8020 14.3836 0.3222 4.9651
VSC 2 Kipl (pu) Kiir (S) Kipz (pu) K> (S) I(ip3 (pu) K (S)
Original | 2.0 40.0 2.0 20.0 0.6 6.0
Optimised | 1.2633 46.6243 1.9422 16.0032 0.3916 7.4879
VSC3 Krp4 (pU) Kri4 (S) Krp5 (pll) Kri5 (S) Krp6 (pu) Kri6 (S)
Original | 2.0 20.0 2.0 20.00 0.6 6.0
Optimised | 1.0028 29.8706 1.5581 20.1830 0.4319 7.2214
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And the eigen-values of the state matrix for the three-terminal HVDC grid at these two
operating points are listed in the Table-6.5. The real-parts of the eigen-values are all located
on the left-hand of the zero-point on the complex plane to reflect the dynamic stability of this
three-terminal HVDC grid at these two operating points.

Table-6.5 The Eigen-values for the State Matrix

M| -192.4147 M1 | -15.4102 A | -14.8194
A | -152.9589 M2 | -14.7408 Ay | -18.3795
A3 | -37.83784350.4096 M3 | -37.7529 A2z | -19.1225
hs | -37.8378-j50.4096 Mg | -16.71821 A | -19.1225
As | -16.7219 Ms | -16.71821 As | -15.4102
he | -14.7904 Me | -178.1836 Mo | -15.4102
Ay | -18.4731 M7 | -146.6884 A7 | -14.771

As | -19.1226 Mg | -39.8422+743.6888 | Az | -37.4605
Ao | -19.1226 Ao | -39.8422- 143.6888 | Ay | -16.7182
Ao | -15.4102 Ao | -16.7237 Ao | -16.7182

6.6.2 Case 1: Short-circuit Fault at Operating Point 1

With the original and optimised parameters of the PI controllers, the dynamic simulations
have been carried out in MATLAB/SIMULINK to compare the dynamic performance of the
three-terminal HVDC grid under large-disturbances with the optimised and original
parameters. The simulation system in detail is described in Appendix H. In Case 1, the
dynamic performance of the HVDC grid with original and optimised PI controller parameters
has best tested for transient stability analysis. The whole system initially operated at the
Operating Point 1 mentioned in Table-6.1 and The SCR of the external systems on each-
side of HVDC grid was set as 3. A three-phase short-circuit grounded fault was applied at the
PCC2 on the inverter-side at the 1.5 s. After 150 ms, the fault was removed. The two AC
sources connecting to REC1 and REC2 of this three-terminal HVDC grid are acted as two
offshore wind farms, so that their SCR were set as 1.5. The SCR of external power system on
the inverter-side was set as 2. Because the three converters are strongly coupled in the DC

grid with small electrical distances, the faults on one-side could have obvious impacts on
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other two sides of MTDC grid. So the AC source on the inverter-side grounded resistance
was set as 20 ohm to avoid final instability. The AC voltage at PCC2 just drop to 0. 6869 p.u.

in Fig-6.15 when the fault was applied at 1.5 s.
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Fig-6.9 The Active Power at PCC1 (Operating Point 1)

The dynamic responses of the power and the AC voltage at each PCC as well as the DC-side
voltage of each converter in this HVDC grid at the Operating Point 1 are shown from Fig-
6.9 to Fig-6.20. For the active power at PCC1 in Fig-6.9, the maximum overshoot of the
power oscillation with original parameters is 326 MW at 1.714 s and that with optimised
parameters is 226.3 MW at 1.707 s. The minimum undershoot of power oscillation with
original parameters is -8.324 MW at 1.682 s and that with optimised parameters is 19.08 MW
at 1.68 s. And the active power with optimised parameters returned to normal condition at
nearly 2.248 s after the third swing but that with original parameters returned to the normal

condition at nearly 2.4 s after nearly seven swings.

For the reactive power at PCC1 in Fig-6.10, the maximum overshoot of the power oscillation

with original parameters is 63.06 MVar at 1.689 s and that with optimised parameters is

23.03 MVar at 1.685 s. The minimum undershoot of power oscillation with original
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parameters is -77.95 MVar at 1.716 s and that with optimised parameters is -28.05 MVar at
1.709 s. And the reactive power with optimised parameters returned to normal condition at
nearly 2.009 s after the fourth swing after the removal of fault but that with original

parameters returned to the normal condition at nearly 2.429 s after nearly seventh swings.
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Fig-6.10 The Reactive Power at PCC1 (Operating Point 1)
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Fig-6.11 The AC Voltage at PCC1 (Operating Point 1)

For the AC voltage at PCC1 in Fig-6.11, the maximum overshoot of the voltage oscillation
with original parameters is 1.01 p.u. at 1.673 s and that with optimised parameters is 1.006
p.u. at 1.676 s. The minimum undershoot of voltage oscillation with original parameters is

0.9348 p.u. at 1.695 s and that with optimised parameters is 0.9673 p.u. at 1.693 s. And the
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AC voltage with optimised parameters returned to normal condition at nearly 2.135 s after the
fifth swing after the removal of fault but that with original parameters returned to the normal

condition at nearly 2.447 s after several swings.
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Fig-6.12 The DC Voltage of REC1 (Operating Point 1)

For the DC voltage of REC1 in Fig-6.12, the differences of maximum overshoots and
minimum undershoots of the voltage oscillation with original and optimised parameters are
very small. However, the DC voltage with optimised parameters returned to normal condition
at nearly 2.006 s after several swings after the removal of fault but that with original

parameters returned to the normal condition at nearly 2.604 s after several swings.

600 X: 1.716

Y: 532 —— Original
i.' = Optimised
500 X: 1.713|{
Y:420.8]§
— X:1.371 |
2 400]v: 363 d
=3 - 7N~ ey 2 N
g _\ ﬁ Y/ ﬁ*‘v{"‘t’] X:2.251 X:2.445
3 300 \ Y:363 Y:363.2
o
o \’\)[
2 (]
“G -
& 200 ¥
v
100 X: 1.68
Y:31.55
u |
92 14 1.6 1.8 2 2.2 2.4 2.6 2.8 3

Time (s)

Fig-6.13 The Active Power at PCC2 (Operating Point 1)
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For the active power at PCC2 in Fig-6.13, the maximum overshoots of the power oscillation
with original and optimised parameters are nearly same at 31.55 MW at 1.68 s. The minimum
undershoot of power oscillation with original parameters is 532 MW at 1.716 s and that with
optimised parameters is 420.8 MW at 1.713 s. And the active power with optimised
parameters returned to normal condition at nearly 2.251 s after nearly four swings but that

with original parameters returned to the normal condition at nearly 2.445 s after several

swings.
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Fig-6.14 The Reactive Power at PCC2 (Operating Point 1)
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Fig-6.15 The AC Voltage at PCC2 (Operating Point 1)
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For the reactive power at PCC2 in Fig-6.14, the maximum overshoots and minimum
undershoots of the power oscillation with original and optimised parameters are nearly same
as 344.6 MVar at 1.674 s and -156.3 MVar at 1.523 s respectively. And the reactive power
with optimised parameters returned to normal condition at nearly 2.199 s after the fourth
swing after the removal of fault but that with original parameters returned to the normal
condition at nearly 2.578 s after several swings. For the AC voltage at PCC2 in Fig-6.15, the
maximum overshoots and minimum undershoots of the voltage oscillation with original and
optimised parameters are nearly same as 1.115 p.u. at 1.685 s and 0.6869 p.u. at 1.528 s

respectively. And the differences of two curves are nearly similar with small differences.
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Fig-6.16 The DC Voltage of INV (Operating Point 1)

For the DC voltage of INV in Fig-6.16, the differences of two curves for the voltage
oscillation with original and optimised parameters are very small except the time range when
the overshoot of 0.9705 p.u. appeared at 1.756 s for the DC voltage with optimised
parameters and the undershoot of 0.8701 p.u. appeared at 1.758 s for the DC voltage with

original parameters.

For the active power at PCC3 in Fig-6.17, the maximum overshoot of the power oscillation

with original parameters is 267.6 MW at 1.71 s and that with optimised parameters is 227.2
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MW at 1.708 s. The minimum undershoots of power oscillations with original and optimised
parameters are nearly same as 14.41 MW at 1.683 s. And the active power with optimised
parameters returned to normal condition at nearly 2.251 s after the third swing but that with

original parameters returned to the normal condition at nearly 2.396 s after several swings.

350 T r
| === Original
300 X:1.71 —— Optimised
Y: 267.6
250 X:1.708 2
S X:1.356 Y:227:21y X: 2.396
S Y:199.4 o N Y:199.5
S 200 - \d W WA PP g
5 ‘ ﬁ MINFEETT 2,251
2 A Y:199.1
2
£ 100 Y
<
50
[
0 X:1.683
Y:14.41
-5 f
Q.Z 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Time (s)
Fig-6.17 The Active Power at PCC3 (Operating Point 1)
60 T 1
=== QOriginal
40 Optimised
= 20
8 X: 2.367
£ Y:1.357
S 0 £ s e amP  _gm
[ -
% X: 2.057
[-% Y:0.1669
220
©
3
¥ -40
J
-60 Y
.sq
2 14 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Time (s)

Fig-6.18 The Reactive Power at PCC3 (Operating Point 1)

For the reactive power at PCC3 in Fig-6.18, the maximum overshoot of the power oscillation
with original parameters is 42.02 MVar at 1.687 s and that with optimised parameters is
22.27 MVar at 1.687 s. The minimum undershoot of power oscillation with original

parameters is -63.02 MVar at 1.714 s and that with optimised parameters is -28.3 MVar at
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1.708 s. And the reactive power with optimised parameters returned to normal condition at
nearly 2.057 s after several swings after the removal of fault but that with original parameters

returned to the normal condition at nearly 2.367 s after several swings.
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Fig-6.19 The AC Voltage at PCC3 (Operating Point 1)
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Fig-6.20 The DC Voltage of REC3 (Operating Point 1)
For the AC voltage at PCC1 in Fig-6.19, the maximum overshoots of the voltage oscillations
with original and optimised parameters are as same as 1.007 p.u. at 1.673 s. The minimum
undershoot of voltage oscillation with original parameters is 0.9504 p.u. at 1.693 s and that
with optimised parameters is 0.9672 p.u. at 1.693 s. And the AC voltage with optimised

parameters returned to normal condition at nearly 2.232 s after several swings after the
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removal of fault but that with original parameters returned to the normal condition at nearly
2.454 s after several swings. For the DC voltage of REC3 in Fig-6.20, the differences of
maximum overshoots and minimum undershoots of the voltage oscillation with original and
optimised parameters are very small. The DC voltage with original and optimised parameters

returned to normal condition at nearly 2.389 s after several swings.

Comparing the simulation results for the system at the Operating Point 1 shown above, the
active and reactive power, the AC voltage at PCC1 for the REC1 and PCC3 for the REC2
have been obviously improved in terms of the magnitudes of over/undershoot, the period of
oscillations and number of oscillation swings. For the DC voltages of REC1 and REC2, the
dynamic responses have been improved in the period of oscillations and number of
oscillation swings. But the improvements are not as obvious as those for other three variables.
For the INV, the active and reactive power at PCC2 have been obviously improved in terms
of the magnitudes of over/undershoot, the period of oscillations and number of oscillation
swings. But for AC voltage at PCC3 and the DC voltage of INV, the dynamic responses have
just improved slightly. Overall, the dynamic performance of the whole HVDC grid has been
improved with the set of optimised parameters for the Operating Point 1.

6.6.3 Case 2: Short-circuit Fault at Operating Point 2

In Case 2, the system changed its operating points at the 3 s to the Operating Point 2, the
same fault was applied again at 3.5 s and the fault duration was 150 ms as well. The dynamic
responses of the same variables of each converter in this HVDC grid at the Operating Point

2 are shown from Fig-6.21 to Fig-6.32.

For the active power at PCCI1 in Fig-6.21, the maximum overshoot of the power oscillation

with original parameters is 270.3 MW at 3.71 s and that with optimised parameters is 225.8
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MW at 3.709 s. The minimum undershoots of power oscillations with original and optimised
parameters are nearly same as 1.405 MW at 3.682 s. And the active power with optimised
parameters returned to normal condition at nearly 4.13 s after the fourth swing but that with

original parameters returned to the normal condition at nearly 4.360 s after nearly six swings.
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Fig-6.22 The Reactive Power at PCC1 (Operating Point 2)

For the reactive power at PCC1 in Fig-6.22, the maximum overshoot of the power oscillation
with original parameters is 37.93 MVar at 3.688 s and that with optimised parameters is
21.61 MVar at 3.684 s. The minimum undershoot of power oscillation with original

parameters is -56.04 MVar at 3.712 s and that with optimised parameters is -25.51 MVar at
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3.705 s. And the reactive power with optimised parameters returned to normal condition at
nearly 4.114 s after several swings after the removal of fault but that with original parameters
returned to the normal condition at nearly 4.385 s after several swings. For the AC voltage at
PCC1 in Fig-6.23, the maximum overshoots of the voltage oscillations with original and
optimised parameters are nearly as same as 1.007 p.u. at 3.673 s. The minimum undershoot of
voltage oscillation with original parameters is 0.9553 p.u. at 3.694 s and that with optimised
parameters is 0.9693 p.u. at 3.692 s. And the AC voltage with optimised parameters returned
to normal condition at nearly 4.158 s after several swings after the removal of fault but that

with original parameters returned to the normal condition at nearly 4.5 s after several swings.
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Fig-6.24 The DC Voltage of REC1 (Operating Point 2)
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For the DC voltage of REC1 in Fig-6.24, the differences of maximum overshoots and
minimum undershoots of the voltage oscillation with original and optimised parameters are
very small. However, the DC voltage with original and optimised parameters returned to

normal condition at nearly 4.48 s after several swings after the removal of fault.
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Fig-6.26 The Reactive Power at PCC2 (Operating Point 2)

For the active power at PCC2 in Fig-6.25, the minimum undershoot of power oscillation with
original parameters is 532 MW at 1.716 s and that with optimised parameters is 420.8 MW at
1.713 s. The maximum undershoots of the power oscillation with original and optimised

parameters are nearly same at 14.84 MW at 3.678 s. And the active power with optimised
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parameters returned to normal condition at nearly 4.062 s after several swings but that with
original parameters returned to the normal condition at nearly 4.311 s after several swings.

For the reactive power at PCC2 in Fig-6.26, the maximum overshoots and minimum
undershoots of the power oscillation with original and optimised parameters are nearly same
as 338.1 MVar at 3.67 s and -136 MVar at 3.524 s respectively. And the reactive power with
optimised parameters returned to normal condition at nearly 4.083 s after several swings after
the removal of fault but that with original parameters returned to the normal condition at
nearly 4.389 s after several swings. For the AC voltage at PCC2 in Fig-6.27, the maximum
overshoots and minimum undershoots of the voltage oscillation with original and optimised
parameters are nearly same as 1.105 p.u. at 3.686 s and 0.6664 p.u. at 3.532 s respectively.
And the differences of two curves are nearly similar with small differences. For the DC
voltage of INV in Fig-6.28, the differences of two curves for the voltage oscillation with
original and optimised parameters are very small except the time range when the overshoot of
0.9705 p.u. appeared at 1.756 s for the DC voltage with optimised parameters and the

undershoot of 0.8701 p.u. appeared at 1.758 s for the DC voltage with original parameters
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Fig-6.27 The AC Voltage at PCC2 (Operating Point 2)
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DC Voltage (p.u.)

For the active power at PCC3 in Fig-6.29, the maximum overshoot of the power oscillation
with original parameters is 282.1 MW at 3.712 s and that with optimised parameters is 227.6
MW at 3.709 s. The minimum undershoot of the power oscillation with original parameters is
-2.077 MW at 3.683 s and that with optimised parameters is 12.25 MW at 3.681 s. And the
active power with optimised parameters returned to normal condition at nearly 4.113 s after

several but that with original parameters returned to the normal condition at nearly 4.521 s
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Fig-6.28 The DC Voltage of INV (Operating Point 2)
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Fig-6.29 The Active Power at PCC3 (Operating Point 2)
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Fig-6.30 The Reactive Power at PCC3 (Operating Point 2)

For the reactive power at PCC3 in Fig-6.30, the maximum overshoot of the power oscillation
with original parameters is 41.21 MVar at 3.687 s and that with optimised parameters is
22.08 MVar at 3.685 s. The minimum undershoot of the power oscillation with original
parameters is -58.37 MW at 3.712 s and that with optimised parameters is -25.66 MVar at
3.705 s. And the active power with optimised parameters returned to normal condition at

nearly 4.162 s after several but that with original parameters returned to the normal condition

at nearly 4.39 s after several swings.
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Fig-6.31 The AC Voltage at PCC3 (Operating Point 2)
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Fig-6.32 The DC Voltage of REC2 (Operating Point 2)

For the AC voltage at PCC3 in Fig-6.31, the maximum overshoots of the voltage oscillations
with original and optimised parameters are as same as 1.008 p.u. at 3.673 s. The minimum
undershoot of voltage oscillation with original parameters is 0.9539 p.u. at 3.694 s and that
with optimised parameters is 0.9691 p.u. at 3.695 s. And the AC voltage with optimised
parameters returned to normal condition at nearly 4.037 s after several swings after the
removal of fault but that with original parameters returned to the normal condition at nearly
4.368 s after several swings. For the DC voltage of REC3 in Fig-6.32, the differences of
maximum overshoots and minimum undershoots of the voltage oscillation with original and
optimised parameters are very small. The DC voltage with original and optimised parameters

returned to normal condition at nearly 2.389 s after several swings.

Comparing the simulation results for the system at the Operating Point 2 shown above, the
active and reactive power, the AC voltage at PCC1 for the REC1 and PCC3 for the REC2
have been obviously improved in terms of the magnitudes of over/undershoot, the period of
oscillations and number of oscillation swings. For the DC voltages of REC1 and REC2, the
dynamic responses have been improved in the period of oscillations and number of

oscillation swings. But the improvements are not as obvious as those for other three variables.
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For the INV, the active and reactive power at PCC2 have been obviously improved in terms
of the magnitudes of over/undershoot, the period of oscillations and number of oscillation
swings. But for AC voltage at PCC3 and the DC voltage of INV, the dynamic responses have
just improved slightly. Overall, the dynamic performance of the whole HVDC grid has been

improved with the set of optimised parameters for the Operating Point 2.

6.6.4 Case 3: Transfer from Operating Point 1 to 2
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Fig-6.33 The Changes of Active Power at PCC1 from Operating Point 1 to 2

In Case 3, the operation condition from Operating Point 1 to Operation Point 2 at 3 s for
the three-terminal HVDC Grid with optimised parameters. And the simulation results are
illustrated from Fig-6.33 to Fig-6.36. In Fig-6.33 and Fig-6.34, the output power references
for d-axis active power controllers in REC1 and REC2 suddenly changed from 200 MW to
180 MW. As a result, the output reactive power in REC1 and REC2 tracked the changes of
output power references due to the functionality of the PI-based d-axis power controllers in
REC1 and REC2. In Fig-6.33, an undershoot of 174.1 MW appeared at 3.071 s. The
difference between the undershoot and the normal values are 5.9 MW which is a small
dynamic impact on the REC1. And the system returned to normal condition at 3.482 s. The

time duration is nearly 0.411 s for the transient process. In Fig-6.34, an undershoot of 173.5
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MW appeared at 3.071 s. The difference between the undershoot and the normal values are
6.5 MW which is a small dynamic impact on the REC3. And the system returned to normal

condition at 3.482 s. The time duration is nearly 0.411 s for the transient process.
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Fig-6.34 The Changes of Active Power at PCC3 from Operating Point 1 to 2

The input active power at PCC2 of INV changed in response of output power changes in
PCC1 and PCC3 for REC1 and REC2 illustrated in Fig-6.35. The undershoot of 315.2 MW
appeared at 3.13 s and the system returned to normal operation of 326.4 MW at 3.502 s. The
difference between the normal condition and undershoot is 11.2 MW and the time duration is
0.502 s for transient process. Furthermore, the DC voltage of INV was controlled by the d-
axis voltage controller. With the changes of output active power of REC 1 and REC 2, there
was the imbalance between the AC and DC power during the transient process shown in Fig-
6.36. An undershoot of 0.9704 p.u. appeared at 3.032 s and the difference between the
normal condition and undershoot is 0.0296 p.u.. Furthermore, the time duration for the

transient process is 0.454 s.

During the transient process from Operating Point 1 to Operating Point 2, the impacts of
the undershoots on the active power and DC voltage are acceptable with the ratio below than

5%. Furthermore, the time duration of the transient process for each variable is nearly 0.5 s
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which are acceptable for time range of steady-state operation (Minute-level). So the set of
optimised parameters are applicable for this three-terminal HVDC grid for transfer of

operating points without obvious impacts on the system in terms of transient stability.
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Fig-6.35 The Changes of Active Power at PCC2 from Operating Point 1 to 2
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Fig-6.36 The Changes of DC Voltage of INV from Operating Point 1 to 2

6.7 Summary and Conclusions

In this chapter, the small-signal models of the three-terminal VSC-based HVDC grid with
radial structure have been firstly derived. Based on the small-signal models, the parameters of
the PI controllers have been optimised with the PSO method for this HVDC grid at two

operating points. The simulation system for the this three-terminal HVDC grid has been
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tested in the MATLAB/SIMULINK with comparison of the dynamic performance of the
whole system with the two sets of original and optimised parameters. According to the
simulation results, the dynamic performance of the whole system have been improved with
the set of optimised parameters of the PI controllers at two specified operating points and the
proposed method has been validated for the parameter optimisation of the PI controllers of
voltage-sourced converters in order to improve the dynamic performance of the whole

MTDC grid at multiple operating points in terms of transient stability.
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Chapter 7

Conclusions and Future Research Plans

7.1 Conclusions

In this PhD thesis, the main work is listed as follows:

1)

2)

The dynamic aggregated modelling method has been proposed for large-scale offshore
wind farms consisting of the WT-DFIGs and WT-PMSGs respectively to simplify the
system in detail to some extent by dividing the wind turbines with similar dynamic
characteristics into several so-called coherency groups and representing each coherency
group using an equivalent machine to achieve the balance between the computational
time and requirement of simulation accuracy for the transient stability analysis. With the
validation of the proposed method via the simulation systems with different aggregated
models in the DIgSILENT/PowerFactory, the effective representations of large-scale
offshore wind farms including 32 units of WT-DFIGs and WT-PMSGs have been
proposed for the requirements of transient stability analysis in terms of computational
time and requirement of simulation accuracy which are hard to achieve simultaneously
which is hard to achieve by conventional methods using either detailed models over-
simplified single equivalent machine.

Two control schemes for the rectifier-side converter of point-to-point VSC-HVDC link
have been investigated for grid integration of large-scale offshore wind farms including
WT-DFIGs and WT-PMSGs respectively. The comparisons of these two control schemes
have been carried out based on the simulation in DIgSILENT/PowerFactory to validate
that the emerging control scheme with control of the AC voltage at the rectifier-side PCC

is more suitable for grid integration of those large-scale offshore wind farms than the
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3)

4)

classical scheme with control of the output power at the rectifier-side PCC in terms of
transient stability.

The CSC-HVDC system has been investigated for its dynamic characteristics. The
emerging bipolar hybrid CSC/VSC-HVDC system has been proposed for the updated
scheme of a monopolar CSC-HVDC link using a monopolar CSC-HVDC link operating
in parallel. The performance of the support from the VSC-HVDC link has been validated
in DIgSILENT/PowerFactory for helping the neighbouring CSC-HVDC link to deal with
its two key issues: reactive power compensation and inverter-side commutation failure.
The PSO-based parameter optimisation method for PI controllers of voltage-sourced
converters in the emerging multi-terminal HVDC (MTDC) grid with multiple system
operation points based on the small-signal models of the whole system has been
proposed. Compared with conventional PSO-based parameter optimisation methods for
single operating point, the set of parameters of PI controllers optimised by the proposed
method is validated by simulation in MATLAB/SIMULINK for improving the dynamic

performance of the MTDC grid at multiple operating points in terms of transient stability.

7.2 Future Research Plans

7.2.1 Further Validation of Proposed Method in Chapter 6

In the Chapter 6, the proposed PSO-based method has been validated for three-terminal VSC-

HVDC grid with radial structure. However, this method should be further validated

considering three aspects: Firstly, with the extension of HVDC grids in the future such as the

North Sea Supergrid, more and more voltage-sourced converters will be interconnected via

DC interlinks with higher complexity of topologies such as meshed or combination of the

meshed and radial. As a result, the proposed method should be further validated in the HVDC

grids including more VSCs with higher complexity of topologies.
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Secondly, the detailed representations of the external systems connected to the VSCs,
especially the dynamic models of generators should be further considered. For the offshore
HVDC grids such as North Sea Supergrid, are considered the optimal solution for grid
integration of offshore wind farms described in Chapter 1 and Chapter 6. These wind turbines
such as WT-DFIGs and WT-PMSGs have their own dynamic characteristics mentioned in
Chapter 3 and Chapter 4. So the proposed method in Chapter 6 should be further validated for
the small-signal models of the whole power systems including the wind turbines to consider
the interactions between the offshore wind turbines and HVDC grids such as power

exchanges at the PCCs.

Thirdly, the set of parameters of the PI controller of converters in the MTDC grids optimised
by proposed method has been validated for two operation points which are not far from each
other in one region. However, the changes of operating points of the practical power systems
can be very large (such as power reversal). As a result, two operating points can be located
far from each other in different regions. This method is based on the classic linear PI
controller and the set of optimised parameters by the proposed method for operating points in
the same region could not applicable in some potential condition that the two operating points
are very far from each other in different regions. As a result, the proposed method should be
further validated with the extension of the desired operational performance over a region to
cover several regions by applying soft switching of the regional PI controllers with different
sets of optimised parameters in response to operating points in different regions and the fuzzy
logic control with the aim of monitoring the changes of operating points can be applied for
the improvement of the proposed method to realise the soft switching of the regional PI

controllers [158].
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7.2.2 Design and Control of Modular-Multilevel Converters in VSC-

HVDC Systems

Currently, the VSCs with two- and three-level topologies have dominated the markets.
However, due to their high switching frequencies, the switching losses and harmonic
distortions are obvious for such converters [6]. For the state-of-the-art next generation VSC-
HVDC technology based on the modular multilevel converters (MMCs) [6], In each bridge
arm, a large number of basic IGBT modules coordinate with each other in small voltage steps
to achieve the desired waveform. With this principle, the switching frequencies can be
reduced greatly and bring big benefits as follows [6, 159]:

1) Low switching losses;

2) Low generation of high frequency (HF) harmonics;

3) Compact layouts with scalable design.

With these benefits, the power losses of the converters, the costs of the high frequency filters
(HFFs) and installation spaces can be reduced greatly. Furthermore, the current two-or three-
level VSCs in the VSC-HVDC systems are vulnerable to DC-side faults [160] and it has
become a bottleneck on the further development of MTDC grids. However, for the MMC
technology, it has the capabilities of suppressing the DC-side faults [161-163]. In this way,
this technology has gradually shown its advantage over the conventional two- or three-level
VSC-HVDC technology for grid integration of offshore wind farms and solution to building
the backbone of MTDC grids [20, 21, 23, 164, 165]. As a result, great attention has been paid
to the research and development of MMC technology for the further HVDC transmission
systems [166-172] and the first MMC-based VSC-HVDC transmission project has been put
into commercial operation in 2010 [6]. So the further research plans for the design and their

control of the MMC-based VSC-HVC systems are listed as follows:
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1)

2)

3)

4)

Investigating the current studies of the MMC technology and understanding the
capabilities and limitations of the current MMC-based VSC-HVDC systems;

Building and testing the detailed MMCs in the VSC-HVDC systems using the state-of-
the-art real time digital simulator (RTDS) [173]. And design of the coordinated control
strategies for the basic modules to achieve the required waveforms.

Comparing the simulation results of detailed, average [169], and equivalent models of
MMCs [174] in the VSC-HVDC systems to evaluate their capabilities and limitations for
different research purposes using RTDS;

Building the MMC-based MTDC grids and testing their performance for power flow and

dynamic stability analysis using RTDS.

7.2.3 Fault Management of MTDC Grids using AC and DC Circuit

Breakers

Although the proposed concepts of MTDC grids such as the so-called North Sea Supergrid

Scheme (NSSS) will bring big opportunities for the EU’s pan-European electricity markets,

making it from concepts to reality is still a long road considering the technique challenges

and obstacles to be solved as follows [20, 21]:

1)
2)
3)
4)

5)

Grid code of MTDC grids;

DC power flow analysis;

Control and protection against DC-side faults;
Interfaces for offshore DC loads;

Offshore platforms for installation of converter stations.

The control and protection mechanisms against DC-side faults in the MTDC grids are of

great important for the operation reliability and security of the whole system. Due to the

technical limitations and high costs [160, 175, 176], the high voltage DC circuit breakers

have not currently put into commercial operation. And the protection schemes against the DC
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faults using the mature AC circuit breakers have been investigated in [160, 177-181]. For

such protection schemes, all the AC circuit breakers are triggered to open and converters are

blocked when a DC fault is detected. Although the schemes have been well proven for small-

scale MTDC grids, for large-scale systems, all the converters should quit operation due to just

a DC fault within some transmission line and it will reduce the reliability and security of the

whole system significantly. So the technical limitations of DC circuit breakers become

bottleneck on the further development of MTDC grids. In this way, the research on the DC

circuit breakers and the fault-management systems based on them are of great importance to

move towards the practical commercial operation of MTDC grids. So the further research

plans are listed as follows:

1) Investigating the basics and principles of HVDC circuit breakers;

2) Building the DC circuit breakers and testing their performance for evaluating their
capabilities and limitations in simple DC testing systems using RTDS;

3) Optimising their performance with improved or new design schemes and testing them
using RTDS for verification and validation;

4) Applying the design schemes of DC circuit breakers in the MMC-based MTDC grids for
testing the protection mechanisms against different types of DC-side faults;

5) Developing the fault management systems for protection against different types of AC-
and DC-side faults with coordination among the AC, DC circuit breakers and converters

in the MMC-based MTDC grids.
7.2.4 Design of Models and Control Strategies for High-gain MW-level
DC/DC Converter

The VSC-HVDC technology provides the optimal solutions to integration of large offshore
DC loads just like the offshore oil/gas rig platforms. Currently, the power is delivered to such

offshore platforms via the point-to-point HVDC Systems from the onshore converter stations
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such as the ValHall Project which can delivery 78 MW power for the offshore rig platforms
via the 292 km subsea cable [182] and Troll-A Project which can delivery total 188 MW
power for offshore rig platforms via the 70 km subsea cables [183]. For powering such
offshore loads, the investments in the onshore converter stations should be considered.
Furthermore, the costs and reliability of the long-distance point-to-point subsea cables limit
the possibilities to explore the oil/gas resources far from the onshore converter stations. The
MTDC grids can provide the optimal solution to providing the interfaces for the offshore
oil/gas rig platforms directly without the extra investment in onshore converter stations. The
offshore platforms will connect to the nearest offshore power resources such as the offshore
wind farms. As a result, the investments in the subsea cables can be greatly reduced as well
and it can maximise the exploration of oil/gas resources. However, due to different technical
specifications, the offshore DC loads will operate at different DC voltage levels such as 150
kV for Valhall Project [182] and +60 kV for Troll A Project [183]. In this way, the DC/DC
interfaces hould be investigated for providing the compatible DC voltage-levels for the

different offshore DC loads directly to meet their technical specifications.

In the AC power systems, the AC voltages can be easily tuned for different voltage-levels just
with designed turns ratios between the windings on primary- and secondary-side of AC
transformers. However, it is not easy to achieve directly in DC power systems, especially for
megawatt-level high-gain DC/DC converters. The development of such DC/DC converters
are still at the initial stage for academic studies [184-188] and there is still a long road to
realise the commercial application of those DC/DC converters with great potentials. In this
way, the further research plans for the high-gain MW-level DC/DC converters in MTDC

grids are listed as follows:
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1)

2)

3)

4)

5)

Investigation of the basics and principles of IGBT-based DC/DC converters and
understanding the key issues of such technology for further development;

Design of the IGBT-based DC/DC converters and building the simulation system using
RTDS for testing their performance and evaluating their capabilities and limitations for
different types of DC loads;

Design of the MMC-based DC/DC converters and the control strategies for the basic
modules to coordinate with each other to achieve the high-gain turns ratio of DC voltages
and testing the performance of such DC/DC converters using RTDS for different
technical specifications of offshore DC loads;

Integrating the offshore DC loads via such DC/DC converters into the MTDC offshore
grids to verify and validate the feasibilities and performance of those high-gain MW-
level DC/DC converters for power flow and dynamic stability analysis.

Improvement of the fault-management systems to set up proper protection and control
mechanisms against different types of faults within the demanding-side of MTDC grids
including the DC/DC converters and DC loads to enhance the operation reliability and

security of the offshore DC loads in the MTDC grids.
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Appendix A

Modelling of WT-DFIG in Detail for Chapter 3

The three-phase voltages equations on the rotor-side of induction generator are given by:
d
Vm =Rr le +h
dt

dy.
V,=R xI, +——2 A.l
rb r rb dt ( )

I/rc =Rr xlrc +%
dt

where V,,, V,, and V. are the rotor-side three-phase voltages; I,,, I,» and I, are the rotor-side

three-phase currents; v, v, and y, are the rotor-side three-phase flux linkage; R, is the

rotor-side resistance. Transformation of (A.1) from a-b-c to rotating d-q coordinates with the

Park transformation matrix expressed in (A.2).:

2 2
cos(swt) cos(sot——m) cos(sot+—r)
po2 3 3

r

(A.2)

—sin(sw,t) —sin(so,t— % ) —sin(sot+ % )

where P, is the rotor-side Park transformation matrix; s is rotor slip of induction generator

given by:
g= @) (A3)
a)S
where w; is the synchronous rotational speed and w, is the rotor rotational speed.
K‘a [ra d l//ra
BX|Vy |=RxBx| 1, |+ B2 B <Py, (A4)
VVC I}”C l//rc
dl//rd
V 1 -1 )
{ ’d}erx{ 'd}+P’)<P’_"1x dt +R><—dp" X[Wrd} (A.5)
V., 1, dy,, dt v,
dt
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= 0 -so
_dP :Lw 2} A6)

d
I/rd =Rrxlrd +%_Swsxl//rq
t

(A.7)

V,=RxI, + di/l/t”’ +s0, Xy,
where V4 and V,, are the rotor-side d- and g-axis voltages; I,; and I, are the rotor-side d- and
g-axis currents; ¥/, and y, are the rotor-side d- and g-axis flux linkage which are expressed
in (A.8):

{Wrd:erIrd+LmXIsd (A 8)

v, =L xI, +L, xI,

where I, and I, are the stator-side d- and g-axis currents; L, is the rotor self-inductance; L,, 1s

the mutual inductance. And 7,4 and /,, can be substituted from (A.8) into(A.9):

R % (l//rd _Lm X Isd) + dl//rd

V‘ = — S X
rd 7 Lr dt s l//rq
( ) (A.9)
l//rq _Lm X]sq dl//
V. =R x +—2L +s50,}Xy,
rq 7 L df s l//id

-

. I L . .
Both sides of (A.9) are multiplied by Ds"n and some variables are defined in (A.10) to
(A.12):
4 a)sLm
Ed = _L—l//rq
' A.10
4 a)€Lm ( )
Eq = L rd
X, =olL,
L? (A.11)

L
Ty=—t (A.12)
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where E; and E; are the d- and ¢- axis voltages behind the transient reactance; Xj is the stator

reactance; X is the stator transient reactance; 7 is the rotor circuit time constant. So the

(A.9) can be expressed in (A.13) as the second-order dynamic models on the rotor-side:

dE), o.L 1
=so E ———2V ——[E"+(X, —X)I,
dt sq Lr q TE)’[ d ( s S) sq]
' (A.13)
9, =—sw E' + oL, V —l[E' -(X. -X)HI ]
d 1 s —d Lr rd T’O' q K s/ sd
The three-phase voltages equations on the stator-side of generator are given by:
Vi‘d = RS‘ X IY[I + %
‘ C dt
d
V= Rox,+L2 (A14)
dt
KC = RS‘ X IYC + Wsc
S dt

where V,, Vs and V. are the stator-side three-phase voltages; Iy, I5, and /. are the stator-side

three-phase currents; v, ¥, and . are the stator-side three-phase flux linkage; R; is the

stator-side resistance. Transformation of (A.14) from a-b-c to rotating d-q coordinates with

the Park Transformation Matrix expressed with (A.15):

2 2
cosmt  cos(wt— 3 ) cos(wt+ 3 )

p== (A.15)
S3 . . 2 . 2
—sinwt —sin(w,t— 3 ) —sin(ot+ 3 )

dl//,vd
v I i &
s =R x * +P xP'x dt +f;xdp“ x Vsa (A.16)
V., I, dl//sq dt Ve
dt
- 0 -o
P x ar, = ’ (A.17)
dt w, 0

After the transformation processes expressed from (A.16) to (A.17), the stator-side voltages

in the rotating d-q coordinates is expressed in (A.18):
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I/xd = Rs Xlsd + dWSd _a)s Xqu
ddf (A.18)
¥,
V,=RxI +— L+, x
dt l//sd

where Vg and ¥V, are the stator-side d- and g-axis voltages; y ,and y,, are the stator-side d-

and g-axis flux linkage expressed in (A.19):

{Wsd:LsXIsd+melrd (A 19)

l//Sq = LS x [S'q + Lm x ]Vq

The differential equations for i/, and y are given by:

dz?—m: I/sd +a)v xl/lsq _Rs xlsd
! (A.20)
dy,,
dt

:I/sq_a)sxl//sd_R X]

s sq
And 7,4 and /4 is substituted from (A.8) into (A.19). And y,and y_ are express by:

Wd Lmlsd
=L I, +L ———"=%
Vsa L

'ss™ sd
" A2l
—1.1 +1 Ln ~ Lol A

ss™ sq
rr

(A.21) 1s substituted into (A.20) and the differential equations of /; and /, can be expressed

in (A.22):
dE’
X dly =V, ,-R xI,—E| ! '
o, dr o, dt o
! dl ’ (A.22)
£ V -R ><I — I 4k, g,
w, dt o

And (A.13) is substituted into (A.22), so the 2nd-order dynamic models for the stator-side of

generator are expressed:

X dl —[R, +—(X - XD, —(1=-9)E, -V +— ! E +Xslsq

a)s dt a)sT(') a)s 0 (A23)
ﬁ&—l/ SR A (X =X)L —(=$)E ~V ——— B _x']

C()S d 1 sq s CUST('; s s sq q rq S];); s sd
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So the detailed dynamic models of the induction generator in the WT-DFIG system can be

represented by the 4th-order differential equations of E; , E; , I,g and Iy,,. In some situations,

the detailed models can be simplified with neglecting the transients on the stator-side for
reducing the computational efforts in the transient stability simulation. So the detailed 4th-
order dynamic models can be reduced to the simplified 2nd-order models and the
comparisons of the simulation results between the detailed and simplified models and their

applications for different analysis purposes are discussed in [38].

For the grid-side converter in Fig-3.6, the three-phase voltage equations are expressed by

(A2.24):

dlga
Vga =V, +Rglga +Lg 7

g gb

di,
Vs =V # Rl + L, — (A.24)

i,
Ve =V +RI, +L, %

where Vga, Vg, and Vg, are the three-phase voltages of grid-side converter; /y,, Iy and Iy are
the three-phase currents of grid-side converter; R, is the grid-side converter resistance ; L, is
the grid-side converter reactance. Transformation of (A.24) from a-b-c to rotating d-q

coordinates with the Park Transformation Matrix expressed with (A.25):

2 2
cos w,t cos(a)gt—gﬁ) cos(a)gt+§7z)
P == (A.25)

¢ . . 2 . 2
—sinw,t  —sin(w,t — 3 ) —sin(w,+ 3 )

where w,=2nf, (f,1s the system frequency on grid-side converter).

Vga Via Iga d &
P.x|Vy |=Px|V, |+R,xP x| I, +Lg><Pg><E P'xP,|1, (A.26)
Vgc VSC ]gc Igc
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gd
14 V 1 ap' |1
[ gd}:[ Sd}JngX{ gd}jhlzgxpg XPg_lX dt +Pg>< A x[ gd} (A~27)
Vtgq V;q [gq & dt ng
dt
dp’! 0 -w,
ng g _ (A.28)
dt o, 0

After the transformation processes expressed from (A.26) to (A.28), the grid-side voltages in

the rotating d-q coordinates are expressed in (A.29):

Lo
Vg =Vg + R, <1+ L, x dgt —o,x1,,

r (A.29)
ng=V;q+Rgngq+Lgxd—";’q+a)g><[gd

where Vgq and Vg, are the d- and g-axis voltage on converter-side of grid-side converter; Vi,
and V, are the d- and g-axis voltage on system-side of grid-side converter; /,; and I, are the

d and g-axis current of grid-side converter.
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Appendix B

Modelling of PMSG in Detail for Chapter 3

The three-phase voltages equations on the stator-side of synchronous generator are given by:
d
Ka = R? XIS'H + l//su
‘ s X4, Jt

dy
V., =R xI], +—=t B.1
sb s sb dt ( )

VS’C =RSXISC+%
dt

where V,, Vs and V. are the stator-side three-phase voltages; Iy, I5, and /. are the stator-side

three-phase currents; y , ¥, and _ are the stator-side three-phase flux linkage; R, is the

stator-side resistance. Transformation of (B.1) from a-b-c to rotating d-g coordinates with the

Park transformation matrix expressed in (B.2).

2 2
cosm,t cos(a)pt—gﬂ) cos(a)pt+§7r)
p== (B.2)
3 . . 2 . 2
—sinw,t —sin(®,t —57[) —sin(w,f + gﬂ')

a)ﬁ‘
v, =2 (B.3)

where @, is the synchronous rotational speed and the P is the number of poles in the

synchronous generator.

V;a ISd d WSQ
Px|V, |=R xPx|1I, +PXE P'xPx|y, (B.4)

VSC ISC l//SC

dl//sd
V. I -l
[ '“’}:Rsx{ 5d}+P><P">< dt +P><dP X{%ﬂ (B.5)
V., I, dy,, dt Ve
dt
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-1 O —
Px% :{ Eﬂ (B.6)
[0}

P

the stator voltages in the d-g coordinates are given by:

dy,
Vsd =RS Xlsd +7d_a)pxy/sq

(B.7)
dy,,
Vvq = Rs Xlsq +7+(0p Xl//sd

where Vs and V, are the stator-side d- and g-axis voltages; /,; and I, are the stator-side d-

and g-axis currents; i/, and y are the stator-side d- and g-axis flux linkage which are

expressed in [47]:

{l//sd = Ls Xlxd +V/ (B 8)

l//.s‘q = Ls x Isq
where L is the stator self-inductance, y is the constant flux linkage of PMSG. Substituting

(B.8) to (B.7), the 2nd-order dynamic models of the multi-pole permanent magnetic

synchronous generator are given by [47, 57]:

7
I/sd ZRSXIsd +Ls d .
dt

— a)pLS X Isq

(B.9)

dl
V,=RxI +L d;q +o, L xI +oy

where Vs and V, are the d- and g-axis stator voltages of synchronous generator; /,; and I,
are the d and g-axis stator currents of synchronous generator; , is the rotational speed of the

turbine.
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Appendix C

Modelling of P2P VSC System in Detail for Chapter 4

For the AC circuit on the rectifier-side shown in Fig-4.2, the relationship of three-phase

voltages on the system- and converter-side can be expressed by (C.1):

I/rsa = I/rca + RII ra + Lr dlm
dt
dl
ersb = ercb + errb + Lr — (C 1)
‘ dt
I/rvc = V:‘cc + errc + Lr d["c
‘ dt

where Vi, V. and V. are the three-phase AC voltages at the PCC for external power
system; Vyq, Viep and V.. are the three-phase AC voltages on the AC-side of rectifier; 1,4, 15
and 7,. are the three-phase AC currents on the rectifier-side; L, and R, are the total inductance

and resistance of the AC transformer and series AC reactor on the rectifier-side.

The (C.1) is converted from a-b-c to d-g coordinate system with the Park transformation

matrix expressed in (C.2):

cos(w,t) cos(w,t— 2 ) cos(w,t+ 2 )
p =2 ‘ -3 -3

rs

(C.2)

—sin(@, 1) —sin(a, - % 7) —sin(w,t+ % )

where P, is the rectifier-side Park transformation matrix; @, the synchronous rotational speed

of the AC system on the rectifier-side and w,; =27f,s (f,sis the system frequency on rectifier-

side).
V:‘Sd V:‘ca Ira d Ira
Prs' x I/rs'b = Prs x Vrch + Rr x l)rs‘ X Irh + Lr X Prs x z I)m_l X Prs Irb (C3)
ersc Vrcc Irc Irc
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V V. 1 -7
{ r‘?d}=|: 'Cd}jLRrx{ rd}+ervaQ;1x di +ande){ rd} (C.4)
Vrsq V:‘C q [r q dll‘q dt Ir q
dt
- 0 -,
pxdb _ (C.5)
S dt w, 0

After the transformation processes expressed from (C.3) to (C.5), the rectifier-side voltages in

the rotating d-g coordinates are expressed in (C.6):

dl
Vr'sdzl/rcd—'_RrX]rd_’_er rd_wrsxqu
dt (C.6)

dl
I/rxq = I/rcq + Rr X]rq +Lr X dtq + a)rs xlrd

where V¢ and V,,, are the d- and g-axis voltage on system-side of rectifier-side converter;
V,ea and V., are the d- and g-axis voltage on converter-side of rectifier-side converter; /,; and

I, are the d and g-axis current of rectifier-side converter.

For the AC circuit on the inverter-side shown in Fig-4.3, the relationship of three-phase

voltages on the system-side and inverter-side are defined as same as those on the rectifier-

side by (C.7):
I/ica = I/;ca + Ri[ia +Li %
| di
dl.
Vi =Vip + R, + L, =" (C.7)
| dr
Visc = I/icc + Ri]ic +Li d]ic
dt

where Vi, Viss and Vi are the three-phase AC voltages at the PCC for external power system
on the inverter-side; Vi, Vier and Vi are the three-phase AC voltages on the AC-side of
inverter; I;,, I;» and I;. are the three-phase AC currents; L; and R; and are the total resistance

and inductance of AC transformer and series AC reactor on the inverter-side. The (C.7) is
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converted from a-b-c to d-q coordinate system with the Park transformation expressed in

(C.8):

cos(w,t) cos(wt— 2 )  cos(w,t+ 2 )
p=2 3 . (C)
. . 2 . 2
—sin(@,t) —sin(w,t— Y ) —sin(@,t+ 3 )

where Pj, is the inverter-side Park transformation matrix; w;s the synchronous rotational speed

of the AC system on the inverter-side and w;; =27f;s (f;s is the system frequency on inverter-

side).
Visa Vica Iia d Iia
Rsx I/;sb :Bsx I/;cb +RiXBSX Iib +LiXPisx_ Pi;IX is Iib (C9)
I/zvc I/icc [ic ]iu
dlid
d Via d dt - d
Pl= R x| |+ L xPox P x + P x—ix| ] (C.10)
isq ch iq ﬂ qu
dt
> 0 -
px _ (C.11)
S dt w, 0

After the transformation processes expressed from (C.9) to (C.11), the inverter-side voltages

in the rotating d-q coordinates are expressed in (C.12):

dl.
Via =Viea + RLy + L, dld -, LI,
‘ t

s ig

(C.12)
dl,
Vig * R, + L, 7:+a). LI

is i id

Vi

sq = icq

where Vi, and Vi, are the d- and g-axis voltage on system-side of inverter-side converter; Vicq
and Vj., are the d- and g-axis voltage on converter-side of inverter-side converter; /;; and [,

are the d- and g-axis current of inverter-side converter.
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Appendix D

Derivation of the Small-signal Models for Chapter 6

2 S N |
_( red1 rd1 2)641 rql + R2+R3 ) 0 0 0 0
CV:, RR,+R,R, + R R,
i 0 0 0O 0 0 D.1)
0 0 0O 0 0
O Kril O O O
L O 0 KriZ 0 O_
v I +V I ]
_( icd ™ id Zlcq iq + R1+R3 ) 0 0 0 0
cv: R R, +R,R, + RR,
—1 0 0 0 0
- D.2
v 0 0 0O 0 0 (>2)
Kl.pl K, 0 00
i 0 0 K, 0 0]
_(Vrcd21rd2 +Vr‘c’q21rq2 + RZ +R3 ) 0 0 0 0
C.V:, RR,+R,R,+RR,
A4, = 0 0 000 (D.3)
0 0 0O 0 O
O Kri4 O O O
L 0 0 Kri4 0 0_
R, 0000
RR, +R,R,+RR,
0 0 0 0O
4 - (D.4)
0 0 0 0O
0 0 0 0O
i 0 0 0 0 0}
R, 0000
RR,+R,R, +RR,
0 0O 0 0O
4 = (D.5)
0 0 0 0O
0 0 0 0O
i 0 0 0 0 0
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Ry

0 0
RR,+R,R, +RR,
0 0 00
0 0 00
0 0 00
0 0 00
A4 A, A
A=|4, 4, 4,
A A, A
_ 0 0 -
_Irdl _Irql
B = Irql 1,
_Krp][rdl _Krp]]rql
L KrpZIrql _KrpZIrdl_
© o 0 ]
0 0
B2= qu _Iid
0 0
| Kipoliy  —Kipoly |
_ 0 0 -
_[rdZ _[rq2
33: Iqu _Ird2
_Krp4lrd2 _Krp41rq2
L Krpsquz _KrpSIrdZ_
B 0 0
B=|0 B, 0
0 0 B
| [rdl Irql |
CVaer CoVaa
C - 0 0
0 0
0 0
L 0 0 |
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I I id / iq |
Cil/idc Cil/idc
0 0
C =
0 0
0 0
[ Ird2 I"‘IZ |
CrZVrdCZ Cr2Vrd(;2
0 0
G =
0 0
0 0
cC 0 0
c={0 C, o
0 0 G
Vrcdl I/VC‘JI
Cr 1 I/rdcl Crl Vrdcl
-, v,
D1 _ _Vi.sdl Vrsql
rsql rsdl
_(Krle‘sdl + 1) _Krpll/rsql
L _K)pZK’sql KrpZK’sdl - 1_
| V;cd V:U‘i |
CiV;dc CiV;dc
0 0
D, =
_I/isq isd
-1 0
__KipZVisq KipZI/isd - 1_
Vrch Vrch
Cr2 rdc2 CVZVrdCZ
_Vrst _Vrs 2
e v,
rsq2 rsd?2
_(Krp4l/rsd2 + 1) _Krp4l/rsq2
B _KrpSVrqu KipSV;st - 1_
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D, 0 0
D=/ 0 D, 0
0 0 D,
E 0 _Krp3Kril O _KrzB O
b O 0 Krp3Kri2 0 _Kr13
E = Kileip3 _K[pSK[[l 0 _Kii3 0
’ 0 0 _Kip3Kii2 0 _Kii3
O _Krp6Kri4 O _Kri6 O
} O 0 _Krp6Kri5 0 _Kri6
E 0 0
E=[0 E, 0
0 0 E,

il rp37 rdl il rp37 rgl

-K_.K_.I K K .I, +1

w27 rp3Trgl 2 p3Trdl

1

{K K I, +1 K K .I }

1 0
F, =
-K . K. .I. K K .I +1

ip2~ip3Tiq ip2~>ip3Tid

_ Krp4Krp61rd2 +1 Krp4Krp61rq2
’ _KrpSKrp()Iqu KrpSKrp()IrdZ +1
F 0 0
F=[0 F 0
0 0 F

1™ rp3
| =
K K

Krp3 (Krpr;‘sdl +1) K, K I/rsql + Xrl
27 rp37 rsgl _Xrl - rpB(KrpZI/rsdl _1)

- X,
G _ ip i
? K K V _Xi _Kip3 (KipZI/ixd _1)

ip2=rip37 isq

3

_ Krp6(Krp4ersd2+1) Krp4Krp6V;sq2+Xr2
K K V X, =K, o(K,V—1)

w5 T p6 rqu_ ST r
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Appendix E

Simulation System and the Parameters for Chapter 3

B_Rotor

DC Bus

L1

PWM_Inverter DC_Cap

DFIG
B_Stator

Fig-E.1 The Detailed Layout of the WT-DFIG System in DIgSILENT/PowerFactory
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Fig-E.2 The Control Scheme of Rotor-side Converter in the WT-DFIG System
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Fig-E.3 The Power Controller of Rotor-side Converter in the WT-DFIG System
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Fig-E.4 The Control Scheme of Grid-side Converter in the WT-DFIG System
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Min_idref
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Max_idref
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Fig-E.S The DC Voltage Controller of Grid-side Converter in the WT-DFIG System
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Fig-E.6 The General Current Controller of Rotor- and Grid-side Converters in WT-DFIG System

Table-E.1 The System Parameter of the Single WT-DFIG System

Per-unit Rated Capacity 5.0 MW

Output AC Voltage 20 kV

Voltage of DC Link 1.15kV

System Frequency 50 Hz
Inductance of AC Reactor 0.2408289 mH
Resistance of AC Reactor 0.00249952 ohm
Capacitance of the DC Capacitor 4813.76 uF
Stator Resistance of DFIG 0.00298989 p.u.
Stator Reactance of DFIG 0.125 p.u.
Mutual Reactance of DFIG 2.5 p.u.
Acceleration Time Constant 0.5s

Table-E.2 The Parameter of the Three-Winding Transformer
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Turns Ratio of 3-Winding Transformer | 0.69 kV/3.3 kV/20 kV

Reactance of Transformer (HV-MV) 0.0535068 p.u.

Reactance of Transformer (HV-LV) 0.00428516 p.u.

Reactance of Transformer (MV-LV) 0.00428153 p.u.

Resistance of Transformer (HV-MV) 0.00263074 p.u.

Resistance of Transformer (HV-LV) 0.00018941 p.u.

Resistance of Transformer (MV-LV) 0.00006888 p.u.

Table-E.3 The Parameter of the Rotor-side Control System

Time Constant of the First-stage Low-Pass Filter 0.001s
Proportional Gain of the d-axis P Controller 1.0 p.u.
Time Constant of the d-axis P Controller 0.1s
Proportional Gain of the g-axis QO Controller 1.0 p.u.
Time Constant of the g-axis O Controller 0.1s
Time Constant of the Second-stage Low-Pass Filter | 0.0001s
Proportional Gain of the d-axis Current Controller 0.2 p.u.
Time Constant of the d-axis Current Controller 0.01s
Proportional Gain of the g-axis Current Controller 0.2 p.u.
Time Constant of the g-axis Current Controller 0.01 s

Table-E.4 The Parameter of the Grid-side Control System

Proportional Gain of the d-axis V. Controller 5.0 p.u.

Time Constant of the d-axis V. Controller 0.1s

Time Constant of the Second-stage Low-Pass Filter | 0.0001s

Proportional Gain of the d-axis Current Controller 1.0 p.u.

Time Constant of the d-axis Current Controller 0.015s

Proportional Gain of the g-axis Current Controller 3.0 p.u

Time Constant of the g-axis Current Controller 0.015s

t=——iDC_Cap
L s
I I
= = PMSG
B MW B_LV PWM_Inverter PWM_Rectifier g gec B_Gen

Fig-E.7 The Detailed Layout of the WT-PMSG System in DIgSILENT/PowerFactory
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Fig-E.8 The Layout of Control System of WT-PMSG System in DIgSILENT/PowerFactory
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Fig-E.9 The First-stage Controller for the Generator-side Converter of WT-PMSG System
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Fig-E.10 The First-stage Controller for the Grid-side Converter of WT-PMSG System
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Fig-E.11 The General Built-in Second-stage Current Controller in Generator and Grid-side Converter

Table-E.5 The System Parameter of the Single WT-PMSG System

Per-unit Rated Capacity 5.0 MW
Short Circuit Ratio for External Grid 5

Output AC Voltage 20 kV
Voltage of DC Link 6.6 kV
System Frequency 50 Hz
Inductance of AC Reactor 0.5546231 mH
Capacitance of the DC Capacitor 1370.136 pF
Stator Reactance of DFIG 1.5 p.u.
Acceleration Time Constant 2.0s

Turns Ratio of 3-Winding Transformer | 3.3 kV/20 kV
Reactance of Transformer 0.06 p.u.

Table-E.6 The Parameter of the Generator-side Control System

Time Constant of the First-stage Low-Pass Filter 0.01s
Proportional Gain of the d-axis P Controller 0.5 p.u.
Time Constant of the d-axis P Controller 0.005 s
Proportional Gain of the g-axis V. Controller 5.0 p.u.
Time Constant of the g-axis V. Controller 0.01s
Proportional Gain of the d-axis Current Controller 1.0 p.u.
Time Constant of the d-axis Current Controller 0.01 s
Proportional Gain of the g-axis Current Controller 1.0 p.u.
Time Constant of the g-axis Current Controller 0.01s
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Table-E.7 The Parameter of the Grid-side Control System

Time Constant of the d-axis First-stage Low-Pass Filter | 0.001s
Time Constant of the g-axis First-stage Low-Pass Filter | 0.01 s
Proportional Gain of the g-axis V;. Controller 5.0 p.u.
Time Constant of the g-axis V. Controller 0.008 s
Proportional Gain of the g-axis O Controller 1.0 p.u.
Time Constant of the g-axis O Controller 0.05 s
Proportional Gain of the d-axis Current Controller 2.0 p.u.
Time Constant of the d-axis Current Controller 0.01s
Proportional Gain of the g-axis Current Controller 2.0 p.u.
Time Constant of the g-axis Current Controller 0.01s
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Fig-E.12 The Layout of the External power system in DIgSILENT/PowerFactory
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Table-E.8 The Parameter of the External power system

The Rated Capacity of the Step-up Transformer | 300.0 MVA
Turns Ratio of Transformer 110 kV/20 kV
System Frequency 50 Hz
Per-unit Resistance of AC Cable 0.02 ohm/m
Per-unit Susceptance of AC Cable 0.26 us/m
Transmission Length 50 km
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Fig-E.13 The Layout of Four WT-PMSGs Connecting in the Same Chain

Table-E.9 The Parameter of the WT-DFIG Based Offshore Wind Farm

160 MVA

The Rated Capacity of the Wind Farm

Units of WT-DFIGs 32

Number of Chains 8

Per-unit Resistance of AC Cable 0.02 ohm/m
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Per-unit Susceptance of AC Cable

0.26 ps/m

Length of Cable for Machine Interconnection

0.2 km
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Fig-E.14 The Layout of Four WT-PMSGs Connecting in the Same Chain

Table-E.10 The Parameter of the WT-PMSG Based

Offshore Wind Farm

The Rated Capacity of the Wind Farm 160 MVA
Units of WT-DFIGs 32

Number of Chains 8

Per-unit Resistance of AC Cable 0.02 ohm/m
Per-unit Susceptance of AC Cable 0.26 us/m
Length of Cable for Machine Interconnection 0.2 km
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Appendix F

Simulation System and the Parameters for Chapter 4
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Fig-F.1 The Layout of Point-to-point VSC-HVDC System Connecting with Offshore Wind Farms
in DIgSILENT/PowerFactory
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Fig-F.2 The General Control Scheme for Both Sides of Point-to point VSC-HVDC System
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Fig-F.3 The Detailed Control Scheme for Both Sides of Point-to point VSC-HVDC System

0 cosref
PLL } sinref
ElmPhi* 2|® Fmeas
» 0
L o1
Pin ® 0 Converter
Qin & 1 ElmVsc*
AC-Voltage uac -5 2 0 Pm - 2
StaVmea Controller 1 fo - 3
EImDsl*
DC-Voltage ude 5 3
StaVmea 4

Fig-F.4 The Control Scheme 2 for Rectifier-side Converter of Point-to point VSC-HVDC System
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Fig-F.5 The Detailed Control Scheme 2 for Rectifier-side Converter of Point-to point VSC-HVDC System

Table-F.1 The System Parameter of VSC-HVDC System

Rated Capacity 250.0 MVA
System AC Voltage 110 kV
DC-side Voltage of Converters + 150 kV
System Frequency 50 Hz
Short-circuit Impedance of AC Reactor 15%
Capacitance of the DC Capacitor 100.00 uF
Per-unit Resistance of AC Cable 0.05 ohm/m
Transmission Length 100 km

Table-F.2 The Parameter of the Rectifier-side Control System with Control Scheme 1

Time Constant of the First-stage Low-Pass Filter 0.005s
Proportional Gain of the d-axis P Controller 1.0 p.u.
Time Constant of the d-axis P Controller 0.01 s
Proportional Gain of the g-axis O Controller 1.0 p.u.
Time Constant of the g-axis QO Controller 0.03 s
Proportional Gain of the d-axis Current Controller | 2.0 p.u.
Time Constant of the d-axis Current Controller 0.01 s
Proportional Gain of the g-axis Current Controller | 2.0 p.u.
Time Constant of the g-axis Current Controller 0.01s
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Table-F.3 The Parameter of the Rectifier-side Control System with Control Scheme 2

Time Constant of the First-stage Low-Pass Filter 0.005s
Proportional Gain of the g-axis V,. Controller 2.0 p.u.
Time Constant of the g-axis V. Controller 0.1s

Proportional Gain of the g-axis Current Controller | 3.0 p.u.
Time Constant of the g-axis Current Controller 0.005 s

Table-F.4 The Parameter of the Inverter-side Control System

Time Constant of the First-stage Low-Pass Filter 0.005s
Proportional Gain of the d-axis V. Controller 10.0 p.u.
Time Constant of the d-axis V. Controller 0.01s
Proportional Gain of the g-axis O Controller 1.0 p.u.
Time Constant of the g-axis O Controller 0.03 s
Proportional Gain of the d-axis Current Controller | 0.5 p.u.
Time Constant of the d-axis Current Controller 0.01s
Proportional Gain of the g-axis Current Controller | 0.5 p.u.
Time Constant of the g-axis Current Controller 0.01s
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Appendix G

Simulation System and the Parameters for Chapter 5
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Fig-G.1 The Layout of the Bipolar CSC-HVDC System in DIgSILENT/PowerFactory

Table-C.1 The System Parameter of the Three-terminal VSC-Based HVDC Grid

System Rated Capacity per Pole 500 MW
Magnitude of System AC Voltage 400 kV
Magnitude of System DC Voltage + 250 kV
System Frequency 50 Hz

Turns Ratio of Transformer 400 kV/96 kV
Commutation Reactance 5.25 ohm
Reactance of DC Reactor 0.15 p.u.

DC Resistance Per Meter 0.01 ohm/m
Length of Each DC Cable 200 km

204




o——
18— gp 1
mab PLL_W
otew |
- VDCOL_W |8
5 . OLTC_ W 3
2|y E £ - F
a 5 o IMARG ? ) §
= o s apha
IDC Meas §
R N 12-pulse-LCC (West)
ro ) oe—e Min
oR 2 ! VDC Meas PI Controller (West) GMEAS1
1 Converter Station West Side !
——
Power Controller DCOL_E
REC_INT3 = !
PLL_E
" —
—— OLTCE | o
5 R
2| oo s S
oot E } §| oLTcE ° )
J ° =
o R alphat 2‘
IDC Meas s
woct 12-pulse-LCC (East) g‘
Min
VDC Meas
PI Controller (East)cmeas
Converter Station East Side !
Fig-G.2 The Layout of the Control System for One Pole of Bipolar CSC-HVDC System
Pmax
Divider
Pord Pord A lord lord
2]
. Pmi
Low-Pass Filter mn
Limiter
1€
Selector
34
\VVdc_P xﬁ
4¢— "= b ‘ )
yil |
S SNV,
\Vdc_N
ABS Low-Pass Filter

Fig-G.3 The Layout of the Power Controller for One Pole of Bipolar CSC-HVDC System

205




Table-G.2 The Parameter of the Power Controller on Rectifier-side of CSC-HVDC System

Power Reference 1.0
Maximum Limit of Power 1.2 p.u.
Minimum Limit of Power -1.2 p.u.
Time Constant of Low-pass Filter for P,..r 0.03 p.u.
Time Constant of Low-pass Filter for V. S5p.u
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FigG.4 The Detailed Control System for One Pole of Bipolar CSC-HVDC System

Table-G.3 The Parameter of the Current Controller on Rectifier-side of CSC-HVDC System

Time Constant of Low-pass Filter for Firing Angle 0.01
Maximum Limit of Firing-angle 120 Deg
Minimum Limit of Firing-angle 3 Deg
Proportional Gain of the PI-Controller 0.25 p.u.
Time Constant of of the PI-Controller 0.02 p.u.
Current Margin 0.1 p.u.
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Table-G.4 The Parameter of the Voltage Controller on Inverter-side of CSC-HVDC System

Time Constant of Low-pass Filter for Firing Angle 0.01
Proportional Gain of the PI-Controller 1.0 p.u.
Time Constant of of the PI-Controller 0.02 p.u.

Table-G.5 The Parameter of the Extinction-angle Controller on Inverter-side of CSC-HVDC System

Proportional Gain of the PI-Controller 0.5 p.u.
Time Constant of of the PI-Controller 0.04 p.u.
Maximum Limit of Firing-angle 90 Deg
Minimum Limit of Firing-angle 165 Deg
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Fig-G.5 The Configuration of Hybrid CSC/VSC HDC System in DIgSILENT/PowerFactory

Table-G.6 The System Parameter of the Bipolar Hybrid HVDC System
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System Rated Capacity of Each Link 500 MW

AC System Voltage 400 kV

DC Voltage of VSC-HVDC System +250 kV

DC Voltage of CSC-HVDC System -250 kV
System Frequency 50 Hz

Turns Ratio of Transformer of CSC-HVDC System 400 kV/110 kV
Turns Ratio of Transformer of CSC-HVDC System 400 kV/96 kV

Table-G.7 The Parameter of the Rectifier-side Control System of VSC-HVDC System

Time Constant of the First-stage Low-Pass Filter 0.005s
Proportional Gain of the d-axis P Controller 1.0 p.u.
Time Constant of the d-axis P Controller 0.01 s
Proportional Gain of the g-axis O Controller 1.0 p.u.
Time Constant of the g-axis QO Controller 0.03 s
Proportional Gain of the d-axis Current Controller 2.0 p.u.
Time Constant of the d-axis Current Controller 0.01 s
Proportional Gain of the g-axis Current Controller 2.0 p.u.
Time Constant of the g-axis Current Controller 0.01s

Table-G.8 The Parameter of the Inverter-side Control System of VSC-HVDC System

Time Constant of the First-stage Low-Pass Filter 0.005s
Proportional Gain of the d-axis V;. Controller 10.0 p.u.
Time Constant of the d-axis V. Controller 0.01s
Proportional Gain of the g-axis QO Controller 1.0 p.u.
Time Constant of the g-axis O Controller 0.03 s
Proportional Gain of the d-axis Current Controller | 0.5 p.u.
Time Constant of the d-axis Current Controller 0.01 s
Proportional Gain of the g-axis Current Controller | 0.5 p.u.
Time Constant of the g-axis Current Controller 0.01s
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Appendix H

1. Details of Simulation System for Chapter 6

Three-terminal VSC-HVDC Transmission System

“—\—. 400 MVA (+/- 100kV)
230 KV, 50 Hz,

2000 MVA equivalent
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Fig-H.1 The Layout of the Three-terminal VSC-based HVDC Grid in MATLAB/SIMULINK
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Fig-H.2 The Detailed Configuration of the Three-terminal HVDC Grid in MATLAB/SIMULINK
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Table-H.1 The System Parameter of the Three-terminal VSC-Based HVDC Grid

System Rated Capacity 400 MVA
Magnitude of System AC Voltage 230 kV

Magnitude of System DC Voltage + 100 kV

System Frequency 50 Hz

Turns Ratio of Transformer 230 kV/100 kV
Reactance of Transformer 0.15 p.u.

Reactance of AC Reactor 0.15 p.u.
Capacitance of the DC Capacitor 70 uF

DC Resistance Per Meter 1.3900e-002 ohm/m
Length of Each DC Cable 50 km
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