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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 



II 

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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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 
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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 
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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]. 

 

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 
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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 
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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. 
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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 
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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.  

3) 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. 

4) 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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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 . 

Chapter 4: 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. 

Chapter 5: 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 
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support from neighbouring VSC-HVDC systems to deal with these two 

key issues of the conventional CSC-HVDC systems. 

Chapter 6: 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. 

Chapter 7: 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 
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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 



15 

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 T1, the fault was removed and the voltage increased suddenly from Point 

C at V3 to Point D at V2. From T1 to T2, the voltage recovered from Point D at V2 to 

Point E at V1. 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 T2 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, T1 is usually 

specified as 140 ms or 150 ms and T2 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 T1, 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]. 

2) 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. 

3) 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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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.  

2) 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. 

3) 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 
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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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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]: 
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where Ht is the inertia constant of wind turbine; Hg is the inertia constant of generator; Tm is 

the mechanical torque of wind turbine; Tem is the electromagnetic torque of generator; Tsh is 

the shaft torque; θtw is the shaft twist angle; Ksh is the shaft stiffness coefficient; Dsh is the 

damping coefficient; Ps 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]: 
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where 
d

E ′ is the d-axis voltage behind the transient reactance; 
qE ′  is the q-axis voltage 

behind the transient reactance; Vrd is the d-axis voltage on rotor-side of DFIG; Vrq the q-axis 

voltage on rotor-side of DFIG; Isd is the d-axis current on stator-side of DFIG; Isq is the q-axis 
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current on stator-side of DFIG; s is the rotor slip of DFIG; ωs is the synchronous rotational 

speed; Ls is the self-inductance on the stator-side of DFIG; Lm is the mutual inductance on the 

stator-side of DFIG; 
0T ′ is the circuit time constant on the rotor-side of DFIG; Xs is the 

reactance on the stator-side of DFIG; 
s

X ′ 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]: 
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s s r s

X dI L
V R X X I s E V E X I

dt T L T

dIX L
V R X X I s E V E X I

dt T L T

ω ω ω

ω ω ω

′
′ ′ ′ ′= − + − − − + + + ′ ′


′ ′ ′ ′ ′= − + − − − + − −

 ′ ′

 (3.7) 

where Vsd is the d-axis voltage on the stator-side of DFIG; Vsq is the q-axis voltage on the 

stator-side of DFIG; Rs 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 
d

E ′ ,
qE ′ , Isd 

and Isq. 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]: 

 
rc gc capP P P= +  (3.8) 

where Prc is the active power in the rotor-side converter; Pgc is the active power in the grid-

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

 
rc rd rd rq rq

gc sd gd sq gq

P V I V I

P V I V I

= +


= +
 (3.9) 

 dc
cap dc dc dc dc

dV
P V I C V

dt
= =  (3.10) 
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where Ird is the d-axis current on rotor-side of DFIG; Irq is the q-axis current on rotor-side of 

DFIG; Igd is the d-axis current of grid-side converter; Igq is the q-axis current of grid-side 

converter; Vdc is the DC voltage of DC capacitor; Idc is the DC current of DC capacitor; Cdc is 

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

 
1

( )dc
rd rd rq rq sd gd sq gq

dc dc

dV
V I V I V I V I

dt C V
= + − −  (3.11) 

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): 

 

rd
rd s rq

rq

rq s rd

d
V s

dt

d
V s

dt

ψ
ω ψ

ψ
ω ψ


= − ×


 = + ×


 (3.12) 

where 
rd

ψ and 
rqψ  are the rotor-side d- and q-axis flux linkage which are expressed in (3.13): 

 
rd r rd m sd

rq r rq m sq

L I L I

L I L I

ψ

ψ

= × + ×


= × + ×
 (3.13) 

And substituting (3.13) into (3.12):  

 

( ) ( )

( ) ( )

rd
rd s r r rq s r m sq

rq

rq s r r rd s r m sd

d
V L I L I

dt

d
V L I L I

dt

ψ
ω ω ω ω

ψ
ω ω ω ω


= − − × − − ×


 = + − × + − ×


 (3.14) 

In (3.14), rd
d

dt

ψ
 and 

rqd

dt

ψ
are replaced from rdV

∗
 and rqV

∗
 using the PI controllers expressed by 

(3.15): 

 

( ) ( )

( ) ( )

ref refrd
rd rd rd rd ird rd rd

rq ref ref

rq rq rq rq irq rq rq

d
V K I I K I I dt

dt

d
V K I I K I I dt

dt

ψ

ψ

∗

∗


= = − + −


 = = − + −


∫

∫

 (3.15) 
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 (3.34) 

Considering all the WT-DFIGs in the coherency group have the similar dynamic 

characteristics, so it assumes: 

 
(1) ( ) ( )r r i r N rω ω ω ω= = = =� �  (3.35) 

 
(1) ( ) ( )t t i t N tω ω ω ω= = = =� �  (3.36) 

In this way, the equivalent equations of the aggregated shaft models are given: 
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 (3.37) 

where Ht_G and Hg_G are the aggregated inertia constant respectively; Ksh_G is the aggregated 

shaft stiffness coefficient; Dsh_G is the aggregated damping coefficient; Tsh_G is the aggregated 

shaft torque; Tm_G is the aggregated mechanical torque of equivalent wind turbine; Tem_G 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 ( [0, ]G N∈ ). And the derivations of these aggregated parameters for the 

WT-DFIG’s shaft models are given: 
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����������	
�
����������
�������
�����������������
���	�����
���������������������
��
����
����������
�����
����� ��������
���
�������
!�������"�����
�����������������#���������
��������$%��
�����&��������
���
������
��
����
����������
�����
������$%���
���
�������
!�������'���
�������
������������
��������#���������
��!&�� �$%��
�����&��������
���
������
��
����
����������
�����
�! ����$(�����
���
���������!�������%�
��
������
�������������������
�����
�������������������������
����
��������������
�
�������� ����
�����%"!)'*+����������
����
���
�������
��
�����
#����
��������
�����
��	���
���������
���������
���
�
���,�������
���� ����
�����%"!)'*+������������������
�����������-������������������
��
�����������������
����������������������./012345�������������
���������
����������
�����./0123��
���
��������������	�����
��������������#��������������
��������
��������'��!�����'���
���������
���������
�����'��!��6�����'��!�����
���
���������������������������������#�����������
���������������������������������������
���������
����������
�����./0127��
����������������
�������������'��!�� ������������
��������������	�����
�������'��!�� ���������#���������
��������
������
�����������������������������'���
�������
�������������'��!��  ��
�����������������
���
�����������������
�������������������#���
����� !��$(������
�
��������������������������
�������������������
����
���������������������
���������
���������
�����./012845��
�����������������
�����
���
������������������������������������������������
����
��������./0123472����
������!����������
�����9��
�����������������������2./012845�������
�������������'��
�����������
����������������������
����
����������������
������������
��
������
���'��!������
���������
����
��������./01232���2./0127��������#�&��&�:����� &�&�:����
��
�����������
�����#�
�����
��������������
�����'���
�������������
����������
�
������
��������
�����;�������
����������
�����������#������
����������������� !��$(�����
�����
���
�����������������
�������������'��!��  �����������#������
��������
��
�
���������������#�
�����
������
��������
���



���������	
�����������
�������������
	�������	��	
	���������
����
���	�������������
�	������
�
�	������	�������������
�	���
��������������
�
����� ����!"#$%��&'(�)*+,-!.�/��$�0&&1'(��)%2$�3�(4�5�	���
	
�
�6��	
���	�
�������������
	�������	����	��7�8�9:����
���	��������������
�
��������;<�6���
����:5=>9?@
�����	�������������	�?9AB�
�
�	��
��������C��=;�7;��5�	��	����	�������������������	�
��6�������
�
�	���
��	
����	�����D��	���E�F������G ����HI�!%J"��2�KL#%M�N�2"�-�O1%2��C�������H�����6�����
�E�		�����	�	�������6�
P���	�
��6��������	
6��
���	����6
����	�����C��=;�;�����C��=;�;Q�� �3%R+���H�*1��0#"S#"�TO"%M��,'U�(�&'(�V�"�%N�$��2$�!%J"��2�KL#%M�N�2"�-�O1%2��-'$�N� �3%R+���W�*1��0#"S#"�X��O"%M��,'U�(�&'(�V�"�%N�$��2$�!%J"��2�KL#%M�N�2"�-�O1%2��-'$�N�Y YZ[ YZ\ YZ] YẐ _ _Z[__Y__̀_[Y_[̀_aY_à_\Y_\̀_̀Y_̀ b̀ bcdeYZ_̀]afde_\gZahijklmenopmqerstu vkwmerxu cdeYZ]̀aafde_\[ZgcdeYZ_̀Ỳfde_a_cdeYZYYỲ`fde__acdeYZY__[]fde_\]Ẑ _]eyzkjxa[eyzkjxY YZ[ YZ\ YZ] YẐ _ _Z[{_YY{̂Y{]Y{\Y{[YY[Y\Y]ŶY_YY_[Yb b|m}ijklmenopmqersth|u vkwmerxucdeYZà_fde[\Z\]cdeYZ_̀Ỳfde_Y_Z]cdeYfde{__Ẑ̀ cdeYZYY\[]fde{̂ Z̀̂̂ _]eyzkjxa[eyzkjx
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	�̂!@���
�������������X�
���T������
�����	�����T�����������	������a�"@FW�"@Ĝ
	�̂"@��
�������������X�
���T������	��a�D@̂
	��B@̂
	��
����������
��������
	��
	���	���
	�����T����
	��������
	���������T����
�����	������	�����������)��()]������	������������FbGb������b ������	
�����������̀X��������	��()c��U��������_
�d���
	�����
���	��



���� ����� ��� ��� � �� �������� ��� ��� � �� �����	 	 
� � ������	 	 
� � ���� � � � � ����� � � � ��� � ������	��������	�������� !���"������"�#$%�&'( �)��'��%*% �+,%$���'-�$�&�� ��,%$���.'�&�� ��/�	��������	�������� !���"������"�#$%�&'( �)��'��.'�&�� ��,%$���'-�$�&�� ��,%$���.'�&�� ��/����������������� !���"������"�#$%�.0���� �'-�$�&�� ��,%$���.'�&�� ��/�1���$%� !���' � $'��(���)0(���%2����'-�34�%*% �+�'�� !��$�&�� ��,%$�������1���5678����9���$%� !��%*% �+�-��:0��.*�'��$�&�� ��,%$�����;!�����$&� $'��'-� !���*��+$.�+'��(%�-'��$�&�� ,%$���.'�&�� ���$���� �$(�$%���%.�$<���$��322���$#�4����='� !���*��+$.�+'��(%�'�� !��34,%$���'-� !��$�&�� ��,%$���.'�&�� �������)$&���<*�>?@6A�??6BC�� �� � ��� ����� ����� ��� ��� ���� �� ����� ��� 
 	 	� ��� � ��� 	 	
� ��� � � �� �� � ���� �� �� � ��� � ���?@��3%%0+$�)� !���. $&��2'D���('%%�%�$�%$��� !��$�&�� ���������)(�. ��A� !����$%� !��<�(��.��<� D���� !��34��. $&��2'D�������E4�2'D���'-� !��$�&�� ���)$&���<*�>?@6A�??6BC�� �� ��� ��FGH H H� � � ���??��� ������ �� ����� ������ ��� ��		 � 	 � 	 � 	I ��� � � � ���?6��D!����H���$%� !���. $&��2'D���'�� !��$�&�� ��,%$��/�H����$%� !��E4�2'D���'��$�&�� ��,%$���'-�E4�.�<(�%/�H��FG�$%� !��2'D���('%%�%�'-�E4�.�2�.$ '�%�'��$�&�� ��,%$�������I��$%� !��.�2�.$ ��.��'-�E4�.�2�.$ '�/�	����������������� !��&'( �)������.0���� �'-� !��E4,%$���'-�$�&�� ����='� !���*��+$.��:0� $'��-'�� !��E4�&'( �)��$%�)$&��C�� � ���� �� �������� ������ � �	 � 	 ��	 ��� 	I I�� � � ���?J��



���������	
����
��
����������	
�
�����	
�����������
������������ �!
��������"������	
������#$�%&$'()*&%�)+�,&'-).+�/0101�2+%�#33&+%)4�56�-7&�8.%&9$�.:�(&'-):)&(;$)%&�'.+<&(-&(�'2+�*&�&43(&$$&%�*=�>/0?@0�,.� ABABCD BE�2+%� AFABCD BE2(&�(&392'&%�:(.8�ABGH�2+%�AFGH�I$)+J�-7&�KL�'.+-(.99&($�&43(&$$&%�*=�>/01/@M�� > @ > @> @ > @ANO ANOABAB A AP AB AB AQ AB ABAF ANO ANOAF A AP AF AF AQ AF AFBCG D R C C R C CBEBCG D R C C R C CBEHHS T T U V UWWXW T T U V UWY ZZ � >/01/@�[7&(&�CAB�2+% ANOABC 2(&�-7&�B;24)$�'I((&+-�2+%�)-$�(&:&(&+'&�.+�-7&�(&'-):)&(;$)%&\�CAF�2+%�ANOAFC 2(&�-7&�F;24)$�'I((&+-�2+%�)-$�(&:&(&+'&�.+�-7&�(&'-):)&(;$)%&\�RAP�2+%�RAQ]2(&�-7&�3(.3.(-).+29�2+%�)+-&J(29�J2)+�.:�KL�'.+-(.99&($�.+�-7&�(&'-):)&(;$)%&0�#$$I8)+J�-7&�(2-).�*&-[&&+�-7&�DA�2+%�̂A�)$�92(J&�&+.IJ76�-7&�̂A�'2+�*&�+&J9&'-&%�2+%�-7&�>/0?@�)$�&43(&$$&%�*=�>/01_@�̀1a?6�11?bM�� AcB AdB AB Ad AAFAcF AdF AF Ad AABG G G DCG G G DCeeHHS T U VWX T U UWY � >/01_@�#''.(%)+J�-.�>/01_@6�-7&�%)2J(28�:.(�-7&�(&'-):)&(;$)%&�L++&(�5I((&+-�5.+-(.99&(�)$�)99I$-(2-&%�)+�-7&�f)J;/0/0� gh ghgh giCiC g AcBGAdFGABCAFC Ad ADeAd ADe AcFGAdBGiC jkljmn ANOABCompmqrsg hANOAiAi iC jkljmn ANOAFCompmqrsg hANOAtAt hhuvvwxyz{xxwv|yz}v|x}~~wx�{|wxy�}�wxyz}v|x}~~wx ������������������� �!
��������"������	
��������!������



������������	�
��
�������
	���	����	����	�����	
	����������
�	���������������������������� ��!����
����
�"����
	���	���	�������#����������	����	�����	
	�����
��$ %�&$�%��#�
��'���	�
����
	����
	���	����	�
���	����!�
���������� ����(����������#����)�
��*��������������#��������
�����
	���
������
���
������	��
�
���%%�����
��+��,���������
	���	����
��	�
���	����'���	�
��-��,��!�
��.��������
	�����"�
������
�	��
������	��
�
���%%����������#��������
��	�
���	�����
������
����
�����
�"�������
��%%���	�"	�����
"	�
�������,
	�������	����	��'� ��
��/��
�������	���
	����	����
	���	����
��	�
���	������	�,�	�����#)�� 0 1 0 10 1 0 1234 234 2342+ 52 2 2 652 2 2234 234 2342- 72 2 2 672 2 28 9 5 5 9 5 58 9 7 7 9 7 7: ; < = <>? ; < = <>@ AA � 0B'(C1���	�52�����23425 �	�
����
��
���
������	������
��	�	������
��	�
���	������%%D�72�����23427 �	�
����
��
�	��
������	������
��	�	������
��	�
���	������%%D�952�����9652E�	�
���	���	
������������
"	���"�������+��,���������
	���	D�972�����9672E�	�
���	���	
������������
"	���"�������-��,���������
	���	'� FG HIJ KLMNOPQRKSTUKVWXYZNUOW[MU\YU]̂J_IK̀WW[]M\ZYUKabcYUdK&���	!���	�
�������
	��������
�	������������������������������� ��!�
�#�����/��������
��
����e����������	�����	
	������
��	���
��
����	�����������
	�����



����������	�
������	����	��������	���������������	������	������
������	����	������������������������������	�
������	����	�������������������	�������������� ���!"#�$��������	�%��������%�������	���	�����������&������	������	��������	��	��������	�������������������	���������	����������	���������	�������'�	�����	����������()����	����������������������	������	�������������� ����������	����������(�����	��������������	��������������	��������������������������������*����	���������%�������������������	������������+,�-+,./01,2����������'���3�4��*�������(��������� ��������������������*��%���������������	������	��	����%�����5�� 67#(7#� 7#!! !89: 8; � -3��<2����-3��42�������	��� �	���������-3���25�� 7# 7,� 7� 7, 77(! ! ! =>?@8 A A � -3���2�B> CDECFG 7H17�>IFJFKLMN O7H17"#!7"#! NO NB>7,�!7(>7�> 7, 7=? 7#!OOPQQRSTUVSSRQWTUXQWSXYYRSZVWRST[XYW\]RTUXQWSXYYRS ^_̀abcdêfgĥìjakjl̂mn̂ohpq̀ǹhkbr̀sĥtuv̂vmwqkmxxhk̂yupghlĥz{̂*�	��������-3���2����������	�����	�����	������	������|���	���		��������	����	���������������������	������������'���3�}��*��������~���������	�����	���� ���!"#����	����	��������	������	���������� �	��������5�� - 2 - 27H1 7H1 7H17� ! 7"# 7"# �! 7"# 7"#> � ! ! � ! !8 A � A� � -3���2����	��!7"#�����7H17"#! �	��������	������*��%���������������	���	�������&�����!�������!��	�������	���	����������������	�������������� ���&|����	����	��
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The d- and q-axis voltage components at the PCC1 to PCC3 are selected as the set of input 

variables in the (6.44): 

 
1 1 2 2

T

rsd rsq isd isq rsd rsq
u V V V V V V = ∆ ∆ ∆ ∆ ∆ ∆   (6.44) 

The d- and q-axis voltage components at the VSCs REC1, INV and REC2 are selected as the 

set of output variables in the (6.45): 

 
1 1 2 2

T

rcd rcq icd icq rcd rcq
y V V V V V V = ∆ ∆ ∆ ∆ ∆ ∆   (6.45) 

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

set of temporary variables in (6.46) 

 
1 1 2 2

T

rd rq id iq rd rq
i I I I I I I = ∆ ∆ ∆ ∆ ∆ ∆   (6.46) 

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. 

 
x Ax Bu Cy Di

y Ex Fu Gi

= + + +


= + +

�
 (6.47) 

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

relationship in the (6.48): 

 
s cV V jXI= +� � �  (6.48) 

where 
sV� and 

cV� 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-q coordinate system: 

 
0

0

sd cd d

sq cq q

V V IX

V V IX

−      
− = ×      

      
 (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): 

 
1 1i 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): 

 

1 1 1

1 1 1 1 1

( )( )

( ) ( )( ) ( )

x A C DH I GH E x

B DH C DH I GH F GH u

− − −

− − − − −

 = + − + 

 + + + − + + 

�

 (6.51) 

 
1 1 1 1 1( ) ( ) ( )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): 

 
1 1 1( )( )A A C DH I GH E− − −′ = + − +  (6.53) 

The 
( )jA′ can be formed according to its steady states at the jth operating point. So for N units 

of operating points, the N
A′ is the state matrix for the representation of the whole system at all 

the operating point expressed in the (6.54): 

 

(1)

( )

( )

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

jN

N

A

AA

A

′ 
 
 

′ ′ =
 
 
 ′ 

�

�

 (6.54) 

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 Pfitness). 

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 Gfitness) are named gbest 
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(called the global best position). The core concepts of the PSO methods are searching for the 

Gfitness in 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]: 

 1

1 1 2 2( ) ( )k k k k k

i i i i iV w V c rand pbest P c rand gbest P
+ = × + × − + × −  (6.55) 

where Vi
k 

is the current velocity of the ith particle ( [1, ]i N∈ ) at the kth step of iteration 

( [1, ]k M∈ ); c1 and c2 are the weighting factors, rand1 and rand2 are the random numbers 

distributing uniformly between 0 and 1; Pi
k
 is the current position of the ith particle at the kth 

step of iteration; pbesti 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] : 

 [( ) ] /
Max Max Min

w w w w k M= − − ×  (6.56) 

where wMax is the initial maximum weight; wMin 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 Pi
k+1

 can 

be expressed in the (6.57): 

 1 1k k k

i i iP P V
+ += +  (6.57) 

Defining the solution of the Pi
k
 as f(Pi

k
). Considering these two condition: 

1) If f(Pi
k
)< f(pbesti), pbesti will be replaced by Pi

k
, 

2) If f(Pi
k
)< f(gbest), gbest will be replaced by Pi

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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After the mutation of velocities, if the f(pbesti) is  still unchanged, the mutation of its position 

Pi
k
 can be applied, which would reset its initial position and velocity but still keep the current 

pbesti. 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 P1=200 MW  P2=200 MW 

Operating Point 2 P1=170 MW P2=170 MW  

 

And the PSO program was executed to search for the Gfitness 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 Gfitness are given by the (6.59) [47]: 

 
( )1( ), ( ), ( )

0

fitness j N

fitness

G Max R R R

G

λ λ λ =


<
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 (6.59) 
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�	�	��������%���HIJ HIK HIL HIM J JIJ JIK JIL JIM NOIPOIMOIQHHIHHIJHINR RSTUVWXYZ[\U]̂I_Ì abc\U]d̀efUHIPgMhfUOIMPOHefUHIPgLhfUOIQPOgefUHILPQhfUHIJKHefUHIPJghfUOIMOQKefUHINNhfUOIQQQM efUJIJLNhfUOIQQQK î Ybcbd\jikb[blZX
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NN����� ̂���%���%̂
7̂�N999:�N99H:::̂<�:

H9�:�:���8����6��H
99H8
9�6�
%7]���<H�����E�������	��7!�7��$!�$�$���������������?
L
���	v��G77��
���%���&')(/012*('42YF*0,5(��������77����6!�<6��M�����998��



�����������	�
�������	��	������������������������������������� �� ���!�"�#��#����$%%%&'()*+,&-./0(&%1023(.*,4&"!5	�������	�6��7���8�	��99�	����6�� 	�8!"�������:	�;	�<!���� �"�5!����� ��;#��=����!��>��?!#@��A����� ��;#���!#=�#����$%%%&'()*+,&-./0(&B01,4&"!5	�������	��������C���<��	��9�9	����7�� 	�8!"������:���#����!�5�������D!?�#� ��;#���!#=�#���$%%%&'()*+,&-./0(&B01,4&"!5	��C����	���76�������<��	��99E	�������>	� ������!�4&03&)1,���F�5���5��F!��5�������G��������H!5���� �� ��;#���!#=�#���!#�<����!#��I����J��#���K����=����$%%%&'()*+,&$*LM+3(N)1&%1023(.*,4&"!5	�������	���77����6��F�	��9��	��



����������	�
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