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Abstract 

In order to achieve the ambitious decarbonisation targets of the UK government, up to 

30GW of wind generation could be connected to the GB transmission system by 2020. The 

challenges imposed when incorporating this volume of renewable energy are significant, 

introducing new technical challenges for National Grid as the system operator for the Great 

Britain transmission system. The majority of this new renewable generation will be 

connecting in Scotland and offshore in the UK as a whole. This results in greater 

uncertainty in the system from significant changes to the direction and volume of power 

flows across the network. In addition this implies a higher power transfer capacity 

requirement on the AC transmission lines, which are currently stability-limited, connecting 

SPT (Scottish Power Transmission) and National Grid networks. The required power 

transfer capability increases every year because of the large-scale increase in wind 

generation. Therefore, there is insufficient transmission capacity in the existing network to 

accommodate the increasing power transfer without constraining output of some generation 

plants. A range of new state of art technologies such as embedded HVDC link and Thyristor 

Controlled Series Compensation (TCSC) are planned to be added to the GB system in order 

to provide additional capacity and consequently facilitate the integration of large-scale 

renewable generation.  It is, therefore essential that National Grid explores new ways of 

operating the transmission network and new devices to gain additional benefit from the 

HVDC link and the TCSC capabilities with regard to the system stability enhancement. 

This thesis investigates the effectiveness of the HVDC link and the TCSC with a view to 

system stability enhancement. A hierarchical stability control system to enhance the 

stability limit and achieve the best transient and dynamic performance using the HVDC link 

and the TCSCs as actuators in the feedback control system is proposed. In addition, a 

stability control system, using a robust and stabilising Sample Regulator multivariable 

control design method , to guarantee the system robustness and stability is proposed and 

designed. The performance and capability of the designed controller in co-ordinated control 

of the forthcoming power flow control devices are demonstrated on benchmark networks as 

well as full dynamic models of the GB transmission system using various study cases. 

Finally, the effectiveness of the West Coast HVDC link in improving the inter-area 

oscillation damping is presented using the developed model of the future GB transmission 

system. 
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Chapter 1  

Introduction 

 This research has been conducted in order to gain a greater understanding of how 

embedded High Voltage Direct Current (HVDC) systems can be employed to improve 

system stability and investigate the best operating strategy for the HVDC link with 

regards to system security and overall stability enhancement. Therefore, a description is 

provided, in various sections of this chapter, of relevant background information and the 

main motivations for the research presented in this thesis. The overall objectives of this 

research project are presented within the context of power system stability enhancement 

of the GB transmission system whist increasing the penetration of renewable generation 

to the grid.  

1.1. Environmental targets and Future Energy Scenarios 

Climate change legislation enforced from both the EU and UK Governments has set two 

environmental targets relating to renewable energy and Green House Gas Emissions 

(GHGE). Based on the first target, 20% of European energy is required to come from 

renewable sources by 2020 [1]. Also, the 2020 target, set by the Renewable Energy 

Directive for the UK states that 15% of energy is to be provided from renewable 

sources. 

The second target commenced by Climate change Act of 2008, set up the GHGE 

reduction target of 80% below the 1990 baseline by 2050, and a minimum reduction of 

34% by 2020 [1][2][3]. In order to achieve the above mentioned ambitious 

environmental targets, contribution from all sectors in the UK such as transport, heat 

and power is required. However, the power sector in Great Britain (GB), as a main 

contributor is required to deploy drastic changes in order to cater for future renewable 

developments.  

The Electricity Networks Strategy Group (ENSG), the Office for Gas and Electricity 

Markets (Ofgem) and the Transmission Owners (TO) of GB, have developed a vision 

for  future electricity networks in the UK reported in [4][5]. Furthermore, based on this 
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vision, the  Electricity Ten Year Statement in 2013 [6], which is a report published by 

National Grid (NG) , has  provided a detailed analysis of credible future energy 

scenarios up to 2050 as well as  the requirement on  future development and changes  in 

generation and demand patterns and predicted technologies  in order to secure the future 

electricity supply [6][7]. 

1.2. Generation capacity based on Future Energy Scenarios 

The range of energy scenarios developed through the Future Energy Scenarios (FES) 

process by the National Electricity Transmission System Operator (NETSO), NG for 

the UK is to meet these 2020 environmental targets. Also, the developed energy 

scenarios are implemented to determine the range of future transmission capacity 

requirements. The main developed scenarios are outlined in [6] as follows: 

 Slow Progression; slower development in renewable energy is expected. Based 

on this scenario, the renewable target by 2020 is not met. 

 Wind capacity reaches to 13GW by 2020 and 29GW by 2035.Other 

renewables stay static. Coal capacity shows slower decrease compared to 

the Gone Green scenario. 

 Gone Green; designed to meet these legally binding environmental targets 

(including Renewable energy and emissions target) by 2020. Therefore, a 

balanced approach is taken in assuming a generation mix from various 

generation sectors. The Gone Green scenario is a stake holder supported 

scenario. It is updated annually to reflect the changes in the energy market. The 

key features of the Gone Green scenario are [6]: 

 It is predicted that the total installed capacity of wind generation will 

increase to approximately 20GW by 2020 (including 11GW of offshore) 

and 51GW by 2035 (including 37GW of offshore). Also, other 

renewables including hydro, biomass and marine will increase by 2.6GW 

by 2020. 

 Coal capacity decreases considerably over the period to 2035, from 

20GW to 16GW by 2020 and to 2GW by 2035 whereas Gas/CHP 

increases to 38 GW over the period between 2025 and 2030  
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It should be noted that the level of renewable generation assumed for both Gone Green 

and Slow Progression is both from the network development and operational 

perspective. Also, for both scenarios, demand is assumed to be unchanged due to 

improvements in energy efficiency and an increase in the level of embedded and micro 

generation. However, demand increase is anticipated toward 2030 due to growth in 

industrial demand and the use of electric cars.  

Overall the Gone Green scenario could suffer from larger renewable intermittency. 

However, it is less vulnerable to gas shocks, due to lower levels of gas demand under 

these scenarios. These risks can potentially be mitigated using greater interconnection 

with TSOs in central Europe and the Nordic system. Nevertheless, security of supply 

could be jeopardised in the Gone Green scenario if periods of no wind during cold 

winter weather coincided with gas supply shocks [8].The generation mix and demand 

based on the Gone Green scenario (out to 2035) is illustrated in Figure1.1.  

 
Figure 1.1: Demand and generation background, Gone Green scenario [6]. 

1.3. Existing National Electricity Transmission System (NETS)  

The onshore transmission system consists of the England and Wales transmission 

network, owned by National Grid Electricity Transmission plc (NGET) and the Scottish 

transmission network, owned by two separate transmission companies, Scottish Power 

Transmission Limited (SPTL) in south and central Scotland and Scottish Hydro Electric 

Transmission Limited (SHETL) in the north of Scotland. The offshore transmission 

systems are also separately owned. Also, the generators and interconnectors are 

separately owned and operated. In England and Wales, networks at 275kV or above are 

classed as transmission network, whereas assets at 132kV or above are classed as 

transmission network in Scotland. 



Chapter 1.Introduction 

4 

 

National Grid (NG) has been the Great Britain System Operator (GBSO) since 1
st
 April 

2005. National Grid, as SO for England and Wales, carries out energy balancing and 

coordinates and directs power flow across the transmission system. In addition, National 

Grid extended its GBSO operations to include the offshore transmission systems 

following the “Go Active" of offshore transmission. 

The Summer Outlook report for 2014 announced a summer peak demand of 46.4GW 

and the summer minimum demand was forecasted at 19GW. The expected generation 

capacity at the start of the summer was 76.4GW including interconnectors and the 

minimum generating availability over the summer was 43.1GW [9].  Also, based on the 

winter outlook report, NG was required to accommodate a winter peak of around 56GW 

with a forecast mid-winter generation capacity for 2013/2014 of 79.1GW [10].  

Currently there are four interconnectors between GB and other markets (the French 

interconnector, IFA with 2GW, Moyle with 450MW, BritNed with 1GW and East West 

interconnector, EWIC, with 500MW) to facilitate competition and support the efficient 

integration of renewable generation. There are more interconnectors contracted to be 

commissioned by 2020 [6]. 

Originally, Electricity networks were designed to transport power from large groups of 

generation centrally located around the fuel sources and transport corridors in the North 

to demand centres located mainly in the South East. Such a network configuration 

resulted in a typical North to South power flow direction from predominantly thermal 

generation plants with controllable generation output. However, with the expected 

growth in wind as the primary source of energy, generation is moving further away 

from the demand centres, which results in a requirement of transferring power over 

longer distances. Since wind generation is mainly being developed to the north and east 

of the system, particularly in Scotland, there will be a significant rise in the volume of 

power transfers from North to South. Therefore, the network needs to be reconfigured to 

manage electricity flows from a much larger number of smaller renewable plants, which 

will connect to the networks.  Also, [11] identified tighter capacity margins, due to large 

combustion plant power station closures  in 2014/2015. 

These radical changes to Britain’s energy industry require larger investment to deliver 

smarter and more innovative networks. Ofgem’s Project Discovery identified £200 
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billion investment required in the next ten years to secure sustainable energy supplies 

and maintain system security at lower costs for consumers [12]. Electricity Market 

Reforms would contribute to providing the required investment partly by attracting 

enough investment to build new forms of generation. However, it is estimated that the 

cost of delivering such an investment would increase customers’ energy bills by 

between 14-25%. In order to attract efficient investment in Britain’s energy networks at 

lower prices, Ofgem has implemented the new RIIO (Revenue = Incentives + 

Innovation + Outputs) framework and  performance-based model to which rewards 

companies that  are more innovative in running  their networks to better meet the needs 

of consumers [12]. NETS have been split into a number of regions specified by 

boundaries crossing critical circuits. There are three main boundaries (B6, B7 and B7a) 

that provide the capacity for generation in Scotland and the North of England to supply 

the major demand centres in the South. The existing transmission network across these 

boundaries mainly consists of two double circuit 400kV routes, one on the western side 

of the country and the other on the east which has 4.4 GW thermal power transfer 

capability. However, currently power transfer across this boundary is limited to 2.5 GW 

by stability constraints across the boundary. 

1.4. Future system requirements 

As mentioned above, following the Crown Estate Round 3 offshore wind farms 

program, a large volume of renewable generation is scheduled to be connected to 

Scotland over the coming years [13][14]. In addition to offshore wind generation, small 

embedded generation within Scotland (up to 2GW by 2030) can make a significant 

change to the boundary requirements. Also, according to all Future Energy Scenarios, 

there is a significant increase in the export from Scotland to England due to the 

connection of additional wind generation in Scotland. This results in exceeding the 

maximum capability of the existing network and consequently results in the 

transmission system being non-compliant with the requirements of the NETS System 

Security and Quality of Supply Standards (SQSS) [15]. Therefore the boundary 

capability needs to be increased through network reinforcement in order to restore the 

SQSS compliance. Figure 1.2 shows the required transfer capability by 2030 based on 

the Future Energy Scenarios discussed in this section. 
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Figure 1.2: Required transfer capability for B6 boundary [4][5]. 

 A series of potential network reinforcements, as shown in Figure 1.3, are defined 

against two main criteria including; NETS SQSS Compliance and Cost Benefit 

Analysis. The approved potential reinforcements are expected to come into operation by 

2020 to increase the B6 boundary capability to accommodate the ever increasing power 

transfer from Scotland to England as outlined below [4][5]. 

 Western HVDC Link with 2.2GW of capacity between Deeside to Hunterston 

by 2017. 

 Series Compensation on Harker-Hutton route, Eccles-Stella West route, 

Strathaven-Harker route and compensation on Harker-Stella West circuit by 

2015. 

 Shunt Compensation (MSCs) at: at Harker. (2*225MVar), Hutton (1*225MVar) 

and MSCs at Stella West (2*225MVar) by 2015 

 NGET-SHETL East Coast HVDC Link with 2.1GW capacity from Peterhead to 

Hawthorn Pit by 2018. 

Also, a number of alternative onshore solutions to increase the boundary capability such 

as the construction of two new double 400kV transmission circuits were considered. 

However, it was abandoned as a result of higher costs. The Western HVDC link 

connects Hunterston substation in Scotland and Connah’s Quay substation in North 

Wales via an undersea cable sited along the West coast of GB. This DC link will extend 

across all three boundaries and will provide an increase in capacity of around 2.2GW. 
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The main delivered outputs of the HVDC project comprise maintaining the security of 

supply, reducing expected constraint costs, increasing the boundary capability and 

eventually from the environmental point of view; it facilitates the decarbonisation target 

by adding the connection of a large volume of wind generation.  

An alternative option to building the HVDC link as system reinforcement is to pay 

constraint costs to generators to ensure that total transfers do not exceed the boundary 

capability. The conducted cost benefit analysis revealed that by 2015 the annual 

constraint costs will rise to approximately £185m. Considering the constraint cost over 

the life time of the HVDC link, it was concluded that the capital cost for the Western 

HVDC link (which is estimated to be around £1bn) would represent a significant saving 

over the life time of the DC link. 

Since the boundaries B7 and B7a would also become non-compliant based on SQSS 

requirements by 2014 under the Gone Green scenario, additional offshore HVDC links 

are planned to connect Round 3 offshore wind farms from Dogger Bank to the main AC 

transmission system. Following DC links increase in the B7 and B7a boundary power 

transfer capability. 

 NGET-SHETL East Coast HVDC link 1, with 2.1GW   capacity from Peterhead 

to Hawthorn Pit by 2018. 

 NGET-SPT East Coast HVDC link 2, with 2.1GW HVDC link between 

Lackenby and Torness by 2018. 

 NGET-SHETL East Coast HVDC Link 2 with 2.1 GW capacities from 

Peterhead to England by 2020. 

In addition to the above development, the number of interconnectors to Europe is 

expected to double by 2030 following the sustained development of the European 

energy markets. Hence, the total capacity of the future planned interconnectors such as 

Norway, Belgium, and France  is anticipated to increase to 8.6GW [7][16][17]. The 

complexity of the transmission networks is now increasing due to the closure of 

conventional thermal generation; higher volumes of variable renewable generation, 

lower system inertia and growing number of interconnections. As a result, the 

transmission networks are now being driven a lot closer towards their designed limits 
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Figure 1.3:  B6 required transfer capability using various system enforcements [4]. 

and are required to be more flexible and smarter. In line with that, NG is incentivised 

under the RIIO price control structure [12] to enhance the system performance and 

optimise the existing network capacity in an innovative manner. It is therefore necessary 

to develop tools and technologies with the right strategy to facilitate the network 

capability optimisation. 

 
Figure 1.4: Geographical location of future enforcments as shown in Figure1.3 

 



Chapter 1.Introduction 

9 

 

1.5. Research objectives 

To meet the environmental target and decarbonise the UK electricity supply an 

increasing volume of variable renewable generation is coming into operation in UK. 

Consequently an unprecedented amount of change is required to the GB transmission 

system to accommodate the upcoming renewable generations. To that extent, more 

state-of-the-art technologies such as FACTS devices and Power Flow Control (PFC) 

devices including embedded West Coast HVDC link are being commissioned to provide 

the additional capacity to the network. However, the network in this area is now 

congested with many types of new and automatic control devices and without proper 

analysis, there is a risk of interaction between various control devices. Therefore, a 

stability control system is required to guarantee the optimal dynamic performance and 

co-ordination of power flow control devices at pre-fault and enhance the stability limit 

at post-fault. A research project, jointly supported by National Grid and Brunel 

University with following defined objectives was started in 2011: 

 Identify the requirement of the NG stability control system 

 Establish the framework of the control strategy that meets NG requirements and 

can fit into the NG operational business process that takes consideration of other 

existing operational tools.  

 Carry out off-line studies to investigate the performance of the proposed stability 

controllers for their: 

 Multi-objective regulating and tracking abilities 

 Multiple device coordination  

 Robustness at post-fault 

 Pre- and post-fault actions 

 Investigating the optimal operational strategies of the embedded West coast 

HVDC link with regards to the B6 boundary transient stability enhancement. 

 Investigating the capability of the West coast HVDC link in improving inter-

area power oscillation damping using a supplementary damping controller by 

conducting off-line studies on the full future GB network model. 
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1.6. Principal contributions to knowledge 

The principal contributions to knowledge, as presented in this thesis, can be summarised 

as follows: 

 A comprehensive review is conducted on past research surrounding the issue of 

power system stability and the latest proposed solutions for stability 

enhancement using the HVDC link and the TCSC through the deployment of 

various controller design methods and the implementation of various control 

schemes and strategies. 

 Requirements for a hierarchical stability control system which guarantees the 

coordinated control and optimal dynamic performance of the power flow 

controller devices in a large integrated power system such as the GB 

transmission system is investigated. Also, a framework of strategies for the 

hierarchical stability control system at the transmission level, which takes into 

account NG’s requirements, is proposed. 

 A novel multivariable feedback control is designed for such a stability control 

system using a non-parametric control design method. This design method, 

Sample Regulator (SR) control, is developed for unknown systems and is based 

on their open loop step responses. Therefore, this method is mostly attractive for 

applications in large integrated power systems since the controller design only 

requires knowledge of the nonparametric model of the power system i.e. the 

open-loop step response, which is easily obtainable compared to development of 

a parametric model of the power system. 

 As the initial part of developing the required stability control system, the 

interfacing between PowerFactory and Matlab tool is developed and deployed. 

This is done in order to extend the computational facilities and capability of 

PowerFactory for the implementation of the advanced control design methods. 

The interfacing is necessary due to the fact that PowerFactory cannot directly 

provide all control system components required for the specific computation or 

design of a complex control law. 
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 The performance of the non-parametric time domain, MIMO SR control design 

method is further investigated for the control of various types of control devices. 

The investigated devices include the HVDC link and SVC using the full GB 

transmission system model representing the 2016 demand and generation 

profiles. Moreover, the optimal operational strategy for the embedded West 

Coast HVDC link in the GB transmission system with regard to the 

enhancement of the stability limit across the B6 boundary is investigated using 

the MIMO SR controller. 

 The capability of the HVDC link in improving inter-area power oscillation 

damping is investigated using a PSS-based (this name is commonly used by NG 

as this type of damping controller has similar structure to generators’ PSS) and 

Modal Linear Quadratic Gaussian (MLQG) oscillation damping control method 

for the design of a supplementary damping controller. A comparative study on 

the performance of both damping controllers is presented using a simple test 

system. Afterwards, the capability of the West Coast HVDC link in improving 

the system dynamic stability is investigated using the full future GB system 

model in PowerFactory. 

 

TABLE 1.1: Advantage and main features of control design techniques proposed in the thesis 

in addressing transient and dynamic stability issues 
 

Proposed 

control 

design 

technique 

Advantages in 

responding to control 

challenges 

Main features 

of controller 

Stability issue 

covered by 

controller 

Actuators 

under 

control 

Sample 

Regulator 

(SR) 

Complexity doesn’t 

increase by size of 

network,  easy to tune 

Non-parametric 

MIMO 

Transient 

Stability 

HVDC link,   

SVC,  TCSC 

PSS-based  

Damping 

control 

Easy to tune, similar 

structure to generators' 

PSS 

Non-parametric 

SISO 

 

 

SISO   SISO 

Dynamic 

Stability 

HVDC link,   

SVC,  TCSC 

MLQG 

Damping 

control 

Complex to tune,  tuned 

to target poorly damped  

oscillatory modes of 

interest 

Linear Model -

based MIMO 

Dynamic 

Stability 

HVDC link,   

SVC,  TCSC 
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1.7. Background to the Engineering Doctorate 

The Engineering Doctorate (PhD) provided by Brunel University, is a three year 

advanced degree focused around industry relevant research. The scheme, funded by the 

Engineering and Physical Sciences Research Council (EPSRC) and a sponsoring 

organisation, presents the opportunity to design and research practical techniques for 

solving an industry led research problem with a focus on environmental significance. 

The vast majority of the research is therefore carried out with the sponsoring 

organisation providing the researcher with valuable industrial experience. The research 

outcomes need to satisfy, at least, the same requirements as a traditional PhD [18] . This 

PhD project was supported by National Grid and the majority of the work was 

conducted at the ENCC (Electricity National Control Centre) near Wokingham. 

1.8. List of publications arising from the PhD 

The work detailed in this thesis has resulted in number of refereed publications as 

follows: 

1.8.1 Journal publications 

 Kerahroudi Shadi.K, F.Li, Taylor G.A, M.Abbod and M.E.Bradley “Evaluating 

the Novel Application of a Class of Sampled Regulators for Power System 

Control “IEEE Transactions on Control Systems Technology - Paper ID TCST-

2015-0052, Accepted. 

 

 Kerahroudi Shadi.K, F.Li, M.M.Alamuti, Rabbani R, M.E.Bradley and  Taylor 

G.A “Novel Operational Stability Control Schemes for Embedded HVDC Links 

in the Future GB Transmission System “IEEE Transactions on Power Delivery, 

Submitted  Sept. 2015. 

 M.Mohammadi Alamuti, Kerahroudi Shadi.K, Rabbani.R, Taylor G.A 

“Probabilistic Evaluation of Power System Stability Enhancement Using 

Supplementary MLQG and MPC Schemes for Embedded HVDC ink ” IEEE 

Transactions on Power Delivery , Submitted Sept. 2015. 

1.8.2 Book  Chapter publications 

 Kerahroudi. Shadi.K, M.M.Alamuti1, F.Li, Taylor G.A, M.E.Bradley 

“Application and Requirement of DIgSILENT PowerFactory to 

Matlab/Simulink Interface” Springer publication, ISBN 978-3-319-12957-0 

 

1.8.3 International Conference publications 

 Kerahroudi, Shadi.K, Zobaa. A.F, Taylor G.A, M.E.Bradley, Yang,L 

"Investigating the impact of stability constraints on the future GB transmission 
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system," Universities Power Engineering Conference (UPEC), 2012 47th 

International, vol., no., pp.1, 6, 4-7 Sept. 2012 

 Kerahroudi, Shadi.K; Taylor G.A, M.E.Bradley,  Zobaa A.F "A framework for 

coordinated stability control in the future GB transmission system using HVDC 

and power flow controller devices," AC and DC Power Transmission (ACDC 

2012), 10th IET International Conference , vol., pp.1,6, 4-5 Dec. 2012 

 Kerahroudi, Shadi. K, Taylor G.A,  F.Li, M.E.Bradley "Initial development of a 
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1.9. Organisation of the thesis 

Chapter 1 - Introduction 

The sections in this chapter will outline the motivations of the research presented in this 

thesis. This research has been conducted in order to gain a greater understanding of how 

embedded HVDC systems can be employed to improve system stability and investigate 

the best operating strategy for the HVDC link with regard to system security and 

stability enhancement. Therefore, a description of the relevant background information 

is provided. The overall objectives of this research project are presented within the 

context of power system stability enhancement of the GB transmission system whist 

increasing the penetration of renewable generation to the grid. 

Chapter 2 – Review of technologies and Literature  

This Chapter details the history of stability issues in power systems and reviews the 

latest proposed solutions by researchers for system stability enhancement using HVDC 

links and TCSCs. The Chapter also reviews various control design methods for the 

control of power flow control devices in transmission systems and the capability and 

requirement of various proposed control design approaches are examined and 

commentary on the relevant available literature is provided. 

Chapter 3 –Power system modelling in PowerFactory  

This Chapter outlines an overview on the HVDC link technology and their control 

scheme particularly the modelling of the Current Source Converter (CSC) based HVDC 

transmission networks and its primary and hierarchy control strategy. Also, the 

benchmark test networks that have been modelled and used for studies are described in 

this Chapter. The models are validated through a number of case studies using time 

domain (EMT/RMS) simulation in DIgSILENT PowerFactory. 

Chapter 4–Framework and requirements of hierarchical stability control system 

This Chapter describes current and future control issues with specific reference to the 

GB transmission system, as well as explaining the requirement for a hierarchical 

stability control system. In addition, the need for interfacing simulation programs such 

as DIgSILENT PowerFactory (PF) with MATLAB control tool box is discussed. Their 

capability in performing comprehensive mathematical calculations and offering a wide 
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range of control system functions is also discussed, as an initial step to develop such a 

hierarchical stability control system. 

Chapter 5–Principle of the Sample Regulator control 

This Chapter discusses the requirements for the feedback control system for coordinated 

control of the various power control devices and focuses on the technical development 

of multivariable feedback control systems. Also, introduced in this Chapter is the 

fundamental theory and techniques of a stabilising Sample Regulator (SR) control 

system design method following an overview on other choices of control design 

method. Finally, several study cases are presented to demonstrate the application of SR 

controller in stability enhancement. The presented study cases investigate the capability 

and performance of the designed SR controller as a Single Input Single Output (SISO) 

and Multi Input Multi Output (MIMO) for the control of various power control devices 

such as HVDC link, TCSC and SVC. 

Chapter 6–Stability control /management system in future GB transmission system  

In this Chapter the performance of the non-parametric time domain, MIMO SR control 

design approach is further tested for the control of various types of control devices 

including the HVDC link and SVC with its associated auxiliary POD functions using 

the full scale GB transmission system using a full model representing the 2016 

generation profile. 

Chapter 7–Wide-area Power Oscillation Damping Control for the HVDC link 

This Chapter presents a brief description of two damping controller design methods 

such PSS-based and MLQG damping control which are implemented for the design of 

the supplementary oscillation damping controller for HVDC link and TCSC. Following 

that a comparative study on the performance of both damping controllers is presented. 

Finally, the capability of the West Coast HVDC link in improving system stability is 

demonstrated using the full model of the GB transmission system. 

Chapter 8–Conclusions and Further Work 

In the final Chapter a summary is provided on the work presented in this thesis and the 

main contributions of this research are discussed. In addition, outlines of proposed 

future work are presented. 
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Chapter 2  

Literature review 

2.1 Introduction 

This Chapter details the history of stability issues in power systems and reviews the 

latest proposed solutions by researchers for system stability enhancement using HVDC 

link and TCSC. Also, this Chapter reviews various control design methods for the 

control of Power Flow Control (PFC) devices in transmission systems. The capabilities 

and requirements of the various proposed control design approaches are examined 

through a comprehensive literature review. 

2.2 Historical power system stability issues  

The importance of power system stability issues was first recognised in the 1920s 

(Steinmetz, 1920). Later on, the black out of Northeast US and Ontario in November of 

1965, drew the attention of regulatory agencies and power system industries to the 

problem of stability and the importance of power system reliability. At first, transient 

(rotor angle) stability had been the focus of most industries’ concerns and considerable 

improvements in the transient stability performance of power systems has been 

achieved through the utilisation of fast fault clearing, high-response exciters, series 

capacitors and special protection schemes. However, the decreasing strength of 

transmission systems  has resulted in an increased focus on small signal stability. In 

addition, an investigation into the underlying causes of frequency instability was 

initiated following the frequency stability problems experienced in 1970s and 1980s 

[19]. 

The early dynamic stability issues were related to the fact that power generation and 

local demand centres were becoming more dispersed and remote power plants were 

feeding consumers over long transmission lines [19][20]. However, in recent years, as 

the electric power systems have evolved and the complexity of power systems increased 

due to higher implementation of interconnections and integration of large scale wind 

generation, the complexity of the stability problems also increased and different forms 

http://electrical-engineering-portal.com/flexible-ac-transmission-system-what-and-why
http://electrical-engineering-portal.com/how-hv-transmission-lines-affects-humans-plants
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of instability have emerged. In addition, power systems are being operated under ever 

more stressed conditions due to the deregulation of the power industries, increases in 

bulk power exchange between distant regions of a transmission network to meet the 

growing demand, open transmission access, as well as construction and environmental 

constraints.  Consequently, transmission system operators are facing greater challenges 

to maintain system security, due to transmission networks being pushed closer to their 

physical limits to make the most of existing facilities’ capabilities.  The power systems 

operating close to their stability limits are particularly vulnerable to any sudden 

disturbance and cascade tripping could happen if the necessary pre-fault or post-fault 

actions are not taken. Thus, the planning and operation of modern dynamic power 

systems requires a caution and consideration of all forms of system instability. 

2.2.1 Power system reliability and security  

Reliability of a power system, which is defined as the probability of satisfactory 

operation of the system consistently in the long term, is the main objective in power 

system design and operation [21]. To be reliable, the power system must be secure all of 

the time. To be secure, the system must be stable. However, a system may be stable 

following a contingency, yet insecure due to components’ overloads or voltage 

violations at post-fault. Author in [21] defines reliability as “the level that the 

performance of power system results in power being delivered to consumers within 

accepted standards and desired amounts”. In this definition reliability contains two key 

features; adequacy and security. Adequacy is an ability of the power system to provide 

customers’ required energy consistently, and security is known as the ability of a power 

system to withstand sudden disturbances. Thus, security relates to the robustness of the 

system to disturbances and depends on the system operating conditions and the 

probability of a disturbances occurrence. In other words, security implies that power 

systems should withstand any single contingency such as an outage or failure of any 

component, without the system and customers services interruption, loss of system 

stability and exceeding the system variable limit and constraint [22]. Therefore security 

analysis includes two key components: 

 Static security analysis—this entails steady-state analysis of the post-disturbance 

system conditions to ensure no ratings and constraints are violated. 
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 Dynamic security analysis—this entails investigating different kinds of power 

system stability issue. 

Under challenging network conditions, where power systems are moving closer to their 

physical limits, maintaining the security of the system is becoming the main concern of  

system operators.  Whereas in normal operating conditions the main focus is on the 

optimisation and economical operation of the system. Since modern power systems are 

being operated under ever more stressed conditions, maintaining the dynamic security 

and stability of the system can, at times, take a higher priority compared to other 

objectives such as optimal power flow and economical system operation [20]. 

2.3 Power system stability 

There are various definitions of power system stability to be found in the literature. A 

formal definition, which is applied to an interconnected power system as a whole, is 

provided in [22] as follows: 

“The stability of an interconnected power system is defined as ability of the power 

system, at a given initial operating condition, to return to a stable operation condition 

following being subjected to any sudden physical disturbance, with most system 

variables bounded so that practically the entire system remains intact”.  

The power system is a highly nonlinear system and its dynamic response is influenced 

by a wide range of devices with different characteristics and response rates. Also, such a 

system operates in a constantly changing environment and could be subjected to a small 

or large disturbance. Small disturbances are in the form of load changes, which occur 

constantly and large disturbances are in the form of a short circuit on a transmission line 

or loss of a large generator. Therefore, system stability depends on many factors such as 

network topology, the initial operating condition as well as the nature and severity of 

the disturbance.  In fact, stability is a condition of equilibrium between opposing forces 

which are dependent on the aforementioned factors. Various forms of instability may 

happen if the opposing forces experience a continued imbalance. In other words, system 

instability implies a condition where a loss of synchronism or generator pole slip or a 

progressive decrease in bus voltages has occurred. Conversely, the power system is 

considered stable, if following the occurrence of a disturbance, it will reach a new 
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equilibrium state with the system remaining intact. It should be noted that a power 

system may remain stable following a given disturbance and be unstable for another. 

However, it is impractical to design the power systems to be stable for every possible 

contingency. Hence, the power system is usually designed to be stable only for credible 

contingencies, which have a realistically high probability of occurrence [22]. Protective 

relays are set to isolate the faulty part of network and restore the system to normal state. 

However, system stability cannot always be guaranteed after a fault clearance, as it is 

influenced by many elements with different dynamic responses. It is therefore essential 

to understand the cause of the power system instability issues and this will assist power 

system industries in the planning and secure operation of the system.  The deregulation, 

privatisation, transmission congestion, weak connection, unexpected event and hidden 

error or failures in protection systems are some of the well-known and recognised 

power system issues.   

2.4 Classification of power system stability  

Basically, power system stability is a single problem. However, power systems may 

experience various forms of instabilities that cannot be effectively addressed by treating 

it as one. The classification of system stability into appropriate categories facilitates the 

analysis of system stability, identifying key causes of instability and devising methods 

of improving system stability. The classification of power system stability is conducted 

based on the size of the disturbances, physical nature of the resulting mode of 

instability, the devices, processes, and the time span that must be taken into 

consideration for stability assessment [22]. Figure 2.1 describes the various form of 

stability as follows: 

 Rotor angle stability  

 Voltage stability 

 Frequency stability 
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Figure 2.1:Classification of the power system stability [22] 

 

2.4.1 Rotor angle stability 

Rotor angle stability is the ability of synchronous machines of an interconnected power 

system to stay in synchronism after being subjected to a disturbance. In fact it is the 

ability of maintaining equilibrium between the input mechanical torque and the output 

electrical torque of each generator. If this equilibrium is disturbed, acceleration or 

deceleration of the generators rotors happens according to the laws of motion of a 

rotating mass, which results in advancing the angular position of the accelerating 

generator and consequently angular separation.  Beyond a certain limit an increase in 

angular separation is followed by further angular separation and instability at the end. 

The electromagnetic torque of a synchronous machine following a perturbation can be 

resolved into two components: synchronising torque (in phase with rotor angle 

deviation) and damping torque (in phase with the speed deviation). Insufficient 

synchronising torque results in a periodic instability, whereas lack of damping torque 

results in oscillatory instability. To gain better insight into the nature of rotor angle 

stability problems, rotor angle stability is divided into the following two subcategories: 

 Small-disturbance stability  

 Large-disturbance rotor angle stability or transient stability 
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Small-disturbance rotor angle stability mostly depends on the initial operating state.  

Either periodic instability (due to lack of synchronising torque) or oscillatory instability 

(lack of sufficient damping torque) can occur in this case. However, nowadays due to 

the use of continuously acting generator voltage regulators,  periodic instability is less 

likely to happen following a small disturbance. Small-disturbance rotor angle stability 

problems can be either local or global in nature.  Local rotor angle oscillation modes 

depend on the strength of the transmission system, generator excitation control systems 

and plants’ output [22]. Global rotor angle oscillations, which are referred to as inter-

area mode oscillations, caused by interactions among large groups of generators and 

involve oscillations of a group of generators connected through relatively weak tie-lines. 

They involve oscillation of a group of generators in one area swinging against a group 

of generators in another area.  Their characteristics are very complex and have a major 

effect on the stability of inter-area modes. 

Large-disturbance rotor angle stability or transient stability is the ability of the 

power system to maintain synchronism when subjected to a severe disturbance, such as 

a short circuit on a transmission line. Transient stability depends on both the initial 

operating state of the system and the severity of the disturbance. Transient Instability is 

usually in the form of a periodic angular separation due to insufficient synchronising 

torque and known as first swing instability. Transient instability could be the result of 

superposition of a slow inter-area swing mode and a local-plant swing mode causing a 

large excursion of rotor angles after the first swing [22]. 

2.4.2 Voltage stability 

Voltage stability refers to the ability of a power system to maintain steady state voltages 

within the operational statutory limit at all buses in the system following a disturbance 

for a given initial operating condition. Voltage instability could result in a loss of load 

or tripping of transmission lines or other elements by their protective systems and 

finally cascading outages. A progressive drop of voltages is the most common form of 

voltage instability. However, overvoltage instability also exists. Similarly, voltage 

stability is also divided into two subcategories of small-disturbance stability and large-

disturbance rotor angle stability or transient stability. 
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2.4.3  Frequency stability 

Frequency stability refers to the ability of a power system to maintain steady state 

frequency within the operational statutory limit at all times following a severe 

imbalance between generation and load. 

2.5 Potential solution to power system stability enhancement 

The fast development and integration of large scale wind generation in the power 

system has led to bottlenecks in the flow of power and an increasing complexity in 

maintaining system security. Also it has resulted in the requirement for a higher power 

transfer capacity across the network. The GB transmission network is now being 

operated closer to its physical limit with a risk of losing N-1 security criteria. Therefore, 

system enhancement will be essential. However, due to the difficulty in obtaining 

support to build new transmission lines, more advanced solutions are required to be 

employed to provide the required system enhancements. The concept of FACTS was 

first introduced by N.G. Hingorani, in 1988 [23]. These devices are power electronic 

based systems capable of controlling various electrical parameters to provide more 

controllability and increase power transfer capability. 

The family of FACTS devices including TCSC, FSC, QB, UPFC, STATCOM, SVC 

and HVDC link have been commonly implemented to improve the performance of long 

distance AC transmission networks. Also, they have been used for various power 

system issues such as voltage stability, power flow control and power transfer 

enhancement. Although, FACTS devices enhance the power network efficiency, their 

benefits are dependent on their type, size, number and location in the transmission 

system [24]. A study on the effectiveness of the five different types of FACTS devices 

(including SVC,TCSC, UPFC and STATCOM) on the steady-state performance of the 

Hydro-Québec network is presented in [25]. In this study the optimal locations and 

values of different types of FACTS devices were determined using a Genetic Algorithm 

(GA)  optimisation method [25].  

With regards to the optimal location and parameter setting of the multiple FACTS 

devices in the power system, investigation on performance of the several optimization 

methods such GA, Particle Swarm Optimisation (PSO) and Evolutionary Algorithm 

(EA) has been reported in the literatures [26][27][28][29][30][31][32][33]. 
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2.5.1 Review on application of TCSC in power system enhancement  

2.5.1.1 History of TCSC implementation  

TCSC consists of a series capacitor shunted by a Thyristor-Controlled Reactor (TCR), 

which allows the impendence of the AC lines to be reduced. It is now a key device in 

the FACTS family playing several roles in the operation and control of power systems. 

It has been increasingly implemented with long AC transmission lines by utilities in 

modern power systems as an effective and economical way to solve a range of power 

system issues such as: optimal power flow control, voltage support, transient stability 

enhancement, congestion management by increasing the power transfer capacity, 

mitigating sub synchronous resonance; damping the power oscillation and reducing 

losses in transmission lines [34]. There are several reports on the satisfactory operation 

of TCSC in system performance enhancement on long transmission lines across the 

world. For example, a report in [35] has shown how the problem of large inter-area 

oscillations has been mitigated using TCSC on a 1000km, 500kV interconnection 

between the north and south of Brazil. Similarly, an installation of TCSC or FSC on the 

long transmission distances in China, has improved the poor power oscillations 

damping after faults. The observation of systems has shown that without the operation 

of series compensation these systems would have been unstable in the case of some 

contingencies leading to severe outages [36] . 

2.5.1.2 Impact of optimal TCSC placement on the system performance 

enhancement  

Due to the high cost of TCSC, finding the optimal location and size is one of the key 

considerations in the implementation to obtain the maximum benefit and capability. 

This problem has been the focus of much research and different single or multi 

objective optimisation techniques have been proposed, as explained in the next section 

[34]. The objectives considered by the researchers in either single or multi objective 

optimisation methods consist of optimal power flow control, voltage stability 

improvement, transient stability enhancement, congestion management and loss 

minimisation. Studies in [37][38][39] investigate the optimal location of the TCSC 

using a single objective optimisation technique which, considers optimal power flow as 

the main objective, whereas in [40] voltage stability has been the single objective of the 

optimisation problem. On the other hand  [41][42][43] have proposed various methods 
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such as  quadratic stabilising control, MPC and PSO control for determining the optimal 

location of TCSC from a transient stability viewpoint. A similar study in [44] 

determines the optimal allocation of the TCSC controllers that satisfies the transient 

stability requirements. In this study a robust controller is designed to improve the 

stability of a multi-machine power system using TCSC. The H  norm method is used 

as indices of performance and measures the degree of effects of an input disturbance on 

the outputs of the controlled system. The results show that this approach has led to a 

satisfactory result in stabilising the system with least number of TCSC implementation 

[44]. The sensitivity analysis approach has also been employed in conjunction with GA 

to find the optimal placement and setting of the TCSCs with an objective function of 

reducing system loading in congested lines [45].  

Furthermore, TCSC placements, as a multi-objective optimisation problem are 

investigated by researchers which are presented in [46] [47] [48] [49] [50] [51] i.e. [46] 

examines the effects of the TCSC on voltage stability and transient stability (as a multi-

objective) by changing the reactive power distribution in the power system. Trajectory 

Sensitivity Analysis (TSA) was used in [47] to measure the transient stability condition 

of the system and trace the optimal location of the TCSC for different fault conditions. 

 In addition, in [48] Eigenvalue-based methods have been used, and transient stability as 

well as steady state stability of the system has improved using TCSC. In another multi 

objective optimisation problem studied in [49] the application of the TCSC to mitigate 

small signal stability problem as well as congestion management of a heavily loaded 

line in a multi machine system is investigated using PSO and the Transmission Line 

Flow Sensitivity (TLFS) method for curtailment of non-firm load to limit power flow 

congestion.  

In another study [28] the application of GA and PSO is applied for determining the 

optimum number, the optimal locations and the best possible parameters of multiple 

TCSC to achieve both objectives of maximum system load ability with minimum 

installation cost. Locating multi-type FACTS controllers in order to optimise multi-

objective voltage stability problems is also investigated in [50] using Non-dominated 

Sorting Particle Swarm Optimisation (NSPSO). The presented results in this study 
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shows that TCSC maximizes the Static Voltage Stability Margin (SVSM), reduces Real 

Power Losses (RPL) and Load Voltage Deviation (LVD). A  novel TCSC placement 

approach is proposed in [98] to decrease the congestion in the transmission lines while 

increasing the static security margin and voltage profile of a given power system using 

Sequential Quadratic Programming (SQP) problem [51][35]. 

2.5.1.3 Capability of  TCSC in the enhancement of the transfer capacity 

of tie lines limited by transient stability constraint 

The installation of TCSC will considerably improve power system stability. However, 

an appropriate control scheme is required for selection of the TCSC mode conversion 

time. The moment at which a generators angular velocity reaches maximum acts as the 

start time of the TCSC having maximum capacitance value. This is because the kinetic 

energy is at its maximum when the equivalent generator angular velocity reaches 

maximum so the TCSC needs to reach its maximum capacitance value in order to 

ensure system stability. Furthermore, when the derivative of the corrected potential 

energy is zero just at the  moment when the equivalent generator angular velocity is less 

than zero, the TCSC immediately operates in bypass mode [52]. 

2.5.1.4 Capability of  the TCSC to enhance the damping of power system 

oscillations 

Power systems are continually subjected to small disturbances, which can result in 

oscillations in the power systems. Low frequency oscillations are a detrimental 

phenomenon in power systems, which increase the risk of system instability and limit 

the steady-state power transfer.  These electromechanical oscillations can be classified 

as local mode oscillations, inter area mode oscillations, control mode oscillations and 

tensional modes.  These oscillations may be sustained and lead to growing oscillations 

which eventually cause system separation and cascading failures if no adequate 

damping is available. An example of the detrimental effects of un-dampened low 

frequency oscillation is islanding and loss of 30MW of load in the Western Systems 

Coordinating Council (WSCC) grid in the USA in 1996, which happened following a 

chain of events. The post event analysis concluded that system instability could have 

been avoided by employing damping controllers [53]. Conventionally, the local 

oscillations are damped cost-effectively and sufficiently by installing Power System 

Stabilisers (PSS). Performance of the generator’s PSS with regard to inter-area modes is 
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insufficient due to the complexities of coordinated tuning and the sacrifice in local 

mode damping that must be made [54][55][56]. Therefore, PSSs are normally tuned for 

local modes and settings remain unaltered unless any issues arise [57]. However, with 

the fast development of FACTS devices, further oscillation damping can be achieved by 

adding supplementary Power Oscillation Damping (POD) control to the installed 

FACTS devices in power systems.  It should be noted that the damping duty of a 

FACTS controller is not the primary functions. Several approaches based on modern 

control theory have been applied to FACTS devices such as TCSC for the design of the 

supplementary power oscillation damping control.  

One key consideration in the design of a cost-effective POD controller is the fact that 

the designed controller should be able to provide desired damping as well as generating 

moderate transients in the POD output signal following severe disturbances.  This is 

because a large POD output signal may cause the TCSC to hit its limits and result in 

reducing the POD damping control action. Therefore, examination of equipment 

performance for severe disturbances is an integral part of POD controller design. 

In addition, another key point in the design of an effective and robust POD controller is 

the selection of an input signal that can be employed to modulate the TCSC reactance. 

Input signals could be local signals (such as lines ‘current, active-power flow, bus 

voltage or local bus frequency) or wide-area remote signals (such as rotor-speed 

deviation of remote generators or rotor angle, speed or frequency difference across the 

system).  As the local signals are more readily available, the majority of practical 

installations of TCSCs use local measurements for controlling power flows and 

damping power oscillations. Research shows that locally available signals can provide 

good damping depending on the location of installed devices [58]. However, in practice, 

POD designer does not have control over the location of devices when the device is not 

primarily installed for the POD purposes [59]. Also, the entire system oscillatory modes 

are not observed by local signals. Therefore, optimal stability enhancement cannot be 

achieved using only local input signals. The study presented in [60] also demonstrates 

that the TCSC’s  POD controllers using the  remote rotor angle deviations measurement 

signals supplied from the Phasor Measurement Units (PMUs) improve transient stability 
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much better compared with the case where local control signals are employed for 

modulating the TCSC reactance. 

The main issue with the design of a wide-area damping controller is the time delay of 

remote/wide-area signals. Author in [61] proposes an approach in the design of a TCSC 

wide-area damping controller using the free weighting matrices method, which is 

expressed with a set of Linear Matrix Inequality (LMI) constraints, and the pole 

placement method. The simulation results on the test system reveals that the designed 

TCSC damping controller not only reduces inter-area oscillation, but is also robust to 

various time delays [61]. Selection and tuning of the TCSC damping controller 

parameter has been investigated by many researchers and several approaches based on 

modern optimisation techniques such as PSO has been applied to find the optimal 

parameters [62]. 

2.5.1.5 The capability of  the TCSC in damping Sub-Synchronous 

Resonance (SSR) 

Although series capacitors are capable of improving the power transfer capacity in the 

transmission system, there is great concern with regard to the SSR issues. This issue is a 

dynamic phenomenon that is primarily exhibited by series capacitor compensated 

transmission networks fed by thermal generation, particularly in cases of high degrees 

of compensation. It occurs due to adverse interaction between the turbine-generator 

mechanical system and fixed series compensated Electrical networks when the 

frequency of the compensated line coincided with some poorly damped torsional 

vibration frequency of the turbo-generator shaft, and could hence induce increased 

mechanical stresses in the shafts [63]. In comparison, the TCSC does not have the same 

dynamic characteristics as a fixed series capacitor and would not cause SSR issue. This 

is because TCSC acts to eliminate this risk for coinciding resonance frequencies by 

making the series capacitor(s) act inductive in the sub-synchronous frequency. 

Therefore, The SSR problem can be avoided by reducing the percentage of 

compensation provided by the fixed series capacitors and replacing that with TCSC as a 

substitute.  

The use of the TCSC in conjunction with fixed series compensation offers more 

economical options due to the high cost of the TCSC. However, the proportion of 
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variable compensation, the TCSC, has to be chosen suitably to prevent SSR.  Hybrid 

schemes in the implementation of the TCSC and fixed series compensation is another 

proven, effective and economical approach to avoid SSR.  This scheme utilises a 

combination of a single-phase TCSC and a fixed series capacitor in one phase of the 

compensated transmission line and fixed capacitors on the other two phases. The 

created phase imbalance results in a suppression of interaction between the electrical 

and mechanical sides of the turbine-generator and eventually reduction of the growing 

torsional stresses at SSR mode. The proposed scheme is economically attractive 

compared with a full three phase TCSC, which has been used for power oscillation 

damping [64][65][66]. Moreover the TCSC can be employed for the design of a Sub-

Synchronous Resonance Damping Controller (SSRDC).  An application of SSDC in 

improving the instability of torsional modes caused by external fixed capacitors used in 

conjunction with a TCSC is presented in [67]. The designed SSRDC is based on 

generator slip signals using the damping torque analysis method and gives satisfactory 

damping for torsional modes. Further analysis indicates that although improved 

damping for torsional modes can be achieved, a robust design is more difficult, 

especially when several sub-synchronous torsional modes are present[67].  

In addition, there is risk of interaction between the series compensation and other 

FACTS devices used in a network. For example, in the GB transmission system, 

increasing levels of wind penetration has resulted in a requirement for higher power 

transmission capacity across the Scottish boundary. Series compensation has been 

installed as part of onshore reinforcement. The potential damaging effect of SSR caused 

by installed series compensation on GB system is studied in [63]. In addition, the 

impact of existing Quadrature Boosters (QBs) in the GB transmission system on the 

safe levels of compensation is assessed with particular emphasis on the occurrence of 

SSR. The assessment and eigenvalue analyses show that change of QB’s tap changer 

may trigger SSR if the series compensation is tuned near the natural modes of the shaft 

of synchronous generators. Therefore it is critical that the level of series compensation 

is selected with awareness [63] [68]. 
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2.5.2 Review of HVDC technology and its application in power system 

enhancement  

The first electricity transmission systems were direct current systems. However, HVAC 

electrical systems replaced the DC transmission system as the power at low voltage 

could not be transmitted over long distances. With the development of high voltage 

valves, it was possible to once again transmit power over the long distances using 

HVDC transmission links. The world’s first commercial HVDC link between the 

Swedish mainland and the island of Gotland was built in 1954 with a rating of 20MW. 

The initial scheme took 25 years to develop.  In 1970, the Gotland scheme was extended 

to 30MW and 150kV using the first Thyristor valves technology in a HVDC 

application. Since the first commercial HVDC link installation a vast amount of the 

HVDC links have been installed across the world [69].  The energy challenges of the 

21
st
 century have resulted in the use of more sustainable energy solutions, such as wind 

and other renewable resources. Therefore, more offshore wind generation is coming into 

operation. However, transmitting a high volume of power from wind farms to the 

demand centres over long distances presents a significant challenge due to the need for a 

cost effective, robust and reliable transmission solution. 

Developments in advanced power electronic devices and fully controlled 

semiconductors have had an immense impact on the development of HVDC technology. 

As a result, the HVDC transmission network is now considered to be one of the best 

transmission solutions for the transfer of bulk power over long distances [70] and has 

been increasingly used in many parts of the world such as China and India where energy 

resources are dispersed far away from the load centres [71]. Nevertheless, a 

comprehensive study for each application is required to find out the best transmission 

solution for connecting offshore wind farms located at very long distances from the 

onshore grid. The necessary procedures to determine the most cost effective 

transmission solution are presented in [70]. Based on this guideline, in order to select 

the optimal transmission solution and configuration, specific project parameters such as 

average output power of a wind farm, transmission losses, energy unavailability, 

investment and energy transmission cost are required [70]. Globally, the total installed 

capacity of the HVDC transmission system had reached up to 50GW in 2001. This 

capacity was increased to 100 GW by 2010 after only nine years. According to current 
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planned projects, it is expected that this will have doubled again to 200 GW by 2016 

[72] [73]. 

2.5.2.1 The major advantages and applications of  HVDC systems 

Overall, the major advantages of HVDC links over  HVAC links are [71]: 

 The foremost advantage of the DC transmission system is the elimination of 

reactive power. Therefore, power can be transferred over long distances with no 

reactive power losses and constant voltage at the receiving end. Whereas, in the 

case of long AC cables, compensating devices such as SVCs or STATCOMs are 

required to keep the AC voltage constant. 

 Higher power transfer up to 30% for the same size and insulation level by  

 HVDC links  compared to  the AC lines due to two main reasons: the effective 

voltage can be higher, and the wires can be bigger (wire diameter is limited for 

AC lines due to the skin effect whereas a DC line can be arbitrarily thick). 

 Lower losses on DC cables, hence DC cable has smaller insulation and copper 

size. 

 Cross section of AC cables are limited, due to the skin effect that prevents an 

AC current from penetrating to the centre of a large wire, whereas in the case of 

the DC cables, there is no limitation to the size of DC cables, except for thermal 

issues. 

 As explained in second bullet point, the HVDC overhead lines can transport 

significantly more power for the same size by the HVAC line. Therefore by 

having smaller cable sizes in the DC system, the required ground area and 

support towers are smaller. 

 No contribution to the network short circuit levels and fault-blocking for the 

blackout prevention in the case of cascade events.  

Moreover, HVDC link has the capability to rapidly control the transmitted power. 

Thus, HVDC transmission lines may be used in a coordinated manner to improve 

transient stability as well as damping oscillations in power system.  This in turn will 

allow the system operator to transfer more power through system corridors. 

 

 

http://en.wikipedia.org/wiki/Skin_effect
http://en.wikipedia.org/wiki/Skin_effect
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The main disadvantages of HVDC links over HVAC lines are associated with: 

 Transformers for voltage stepping and circuit breakers are dramatically less 

complex and expensive for the HVAC than for the HVDC power. Meanwhile 

DC Circuit Breakers (CBs) for the VSC-HVDC links are also a huge problem, 

due to the complexity in the design of the DC CBs, especially at high power 

levels above one megawatt (MW). The feasibility of different solutions 

concerning the DC CBs is presented in  a small number of scientific publications 

in [73]. 

 Multi-terminal systems are not feasible with the CSC-HVDC links due to power 

reversal issues with CSC-HVDC links. Also, the point to point CSC-HVDC link 

does not require HVDC CBs, since the AC CBs can be used instead. Multi-

terminal systems though, which use VSC technology, will require HVDC CBs 

so that, the whole system does not have to shut down.  

 Higher cost of construction due to the power electronics and converter 

transformers. However, beyond a certain distance, the investment costs of 

HVDC link are much smaller than those AC transmission lines since e.g. a 

bipolar system only has two lines compared to three lines in an AC system. This 

results in smaller costs in tower design and construction for delivering the same 

capacity of power. 

Typical applications of the HVDC link comprise: 

 Interconnecting two asynchronous AC systems or two AC systems with unlike 

frequencies. HVDC has the ability to interconnect two separate asynchronous 

AC systems as a tie line .e.g. where one operates at a frequency of 50Hz and the 

other at 60Hz (such as a back to back 500MW HVDC link between Uruguay 

and Brazil.) or where the two systems are operated at the same frequency but 

different phase angles (such as a back to back HVDC link connecting the 

asynchronous Eastern and Western American system). This is mainly because; 

DC power is independent of the frequency and phase of the power systems.   

 Submarine power transmission, for cables longer than 40-70Km HVDC cables 

are a more economical solution. 
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 Long distance bulk power delivery, for both overhead lines and cables longer 

than 600-800Km, thus HVDC link is a more economical solution. Also, HVDC 

link represents good performance in long distance bulk power delivery as in AC 

systems the reactive power flow limits the transmission distance and 

consequently makes it more costly [71]. 

 Trading, due to the ability of controllable power exchanges between two AC 

networks. A typical example is France-Angleterre Interconnector (IFA). 

2.5.2.2 HVDC link’s technologies 

Various types of HVDC links based on the methods of AC to DC conversation are 

introduced in [74][75]. Currently two main converter technologies, which are explained 

in the next section, are commercially available for use in the HVDC transmission. In 

both technologies, there is no reactive power along the DC transmission line. Therefore, 

there is no technical limit to the transmission distance. 

 Line Commutated Current Source Converter (CSC-HVDC): This began with the 

use of mercury valves and now utilises high power Thyristors. It is also known 

as classic HVDC link. 

 Voltage Source Converter (VSC-HVDC) using Insulated Gate Bipolar 

Transistors (IGBTs). 

Line-Commutated Current-Sourced Converter (CSC-HVDC) 

The classical HVDC link is mainly designed for bulk power transportation over long 

distances and is based on Thyristor valves with only turn-on capability that requires a 

strong network voltage to commutate. Due to this characteristic of Thyristors, classical 

HVDC link can only reverse the power by changing the voltage polarity. Moreover, it 

requires reactive power support at both ends and costly filters to remove system 

harmonics. Also, one of the key drawbacks of classical HVDC link is a lack of black 

start capability. However, this problem can be solved by combining  CSC-HVDC with 

an auxiliary source of reactive power [70][71].  On the contrary, CSC-HVDC link has 

the inherent ability to withstand short circuits during the faulty operating conditions on 

DC side.  The VSC-HVDC link is more exposed to short circuits on DC side and 

therefore cables are more suitable for the VSC-HVDC applications [73]. 
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Voltage Source Converter (VSC-HVDC) 

The world’s first VSC-HVDC link was installed in March 1997 in Sweden (3MW, 

10km overhead line). Currently about 17, VSC-HVDC links have been installed 

worldwide with another 520km in production [71]. VSC-HVDC link, which is based on 

IGBTs technology, is a well-established technology for capacity ranging around 

500MW. IGBT is a fully-controllable power electronic device, with turn on or turn off 

capability.  The utilisation of IGBTs allows a rapid switch of power flow direction by 

reversing the current direction [71]. The converters are typically controlled through 

Sinusoidal Pulse Width Modulation (SPWM) and the harmonics are directly associated 

with the switching frequency of each converter [73]. In addition, the VSC-HVDC is not 

only beneficial to all kinds of applications provided by classical HVDC link, but also 

the use of VSC-HVDC as opposed to CSC-HVDC offers many other advantages as 

explained [76] [74] [77][69]: 

 The commutation of VSC-HVDC is independent of the AC grid voltage due to 

its capability to be turned on and off by the IGBTs. Therefore, it can be 

connected to a weak AC network. 

 VSC-HVDC link is self-commutated, hence unlike the CSC-HVDC link, 

commutation failures and associated power interruptions would be a pressing 

issue. 

 VSC-HVDC links are very flexible because of its ability to control active and 

reactive power independently without an extra compensating component. 

 VSC-HVDC can be effectively used for Multi-Terminal Configurations (MTC). 

From a technology point of view, VSC-HVDC technology has the capability to 

be implemented in other key areas including; power supply to island, infeed to 

load centres, DC segmented grid and offshore generation. 

 Lower construction time and site area are required.  The study in [78] presents a 

comparison study on the overall site footprint and converter buildings aspect of 

VSC-HVDC projects and CSC-HVDC projects of a similar rating. The results 

reveal that due to no reactive power compensation requirements on the 2-Level 

VSC-HVDC technology the overall site area required for 2-Level VSC-HVDC 

is only 77% of that required for CSC-HVDC. Whereas, the overall converter 
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building footprint for 2-Level VSC-HVDC is 190% of that for CSC-HVDC 

[78]. 

Due to recent developments in HVDC technologies, ratings of VSC-HVDC links are 

further increasing to play an essential role in system stability enhancement. Since the 

West Coast HVDC link is designed to be a CSC-HVDC and the East Coast is expected 

to be a VSC-HVDC link, a comparison between CSC-HVDC and VSC-HVDC is 

presented in Table 2.1 [76][71][74][75][73] [69]. 

2.5.3 Interaction between the AC and DC systems 

As more and more HVDC interconnection is scheduled to come into operation, the 

potential interactions between HVDC and HVAC in hybrid systems as well as 

interactions between multiple HVDC links has become the key source of concern in 

maintaining the stability of hybrid power systems. As faults cannot be entirely 

prevented, it is crucial for power system engineers to determine the impact of AC and 

DC faults on the stability of the whole power system [79].  If an AC fault on a system 

results in commutation failure and blocking of a DC link (particularly in CSC-HVDC), 

it could be difficult to avoid system instability. The operational experience of China 

Southern Power Grid (CSG) in the operation of AC/DC hybrid transmission systems 

shows that the influence on the HVDC system caused by the AC system faults could be 

restrained by selection of the right control strategy for the HVDC system [80]. 

 The authors in [79] concluded that, in the case of a DC fault, the transient stability of 

the system and voltage drop is improved when longer HVDC transmission lines are 

used in parallel with moderately shorter HVAC transmission lines [79].  Also, an actual 

comparative case study in Taiwan was conducted to evaluate the impact of offshore 

wind farm integration on systems using HVDC or HVAC as the transmission solution. 

It was shown that when the fault happens on the offshore grid, the voltage and 

frequency responses in the onshore grid are more stable under the HVDC link compared 

to the HVAC link. This implies that HVDC link can offer the wind farm better voltage 

and frequency stability. Whereas, in the case of utilising HVDC link, the terminal 

voltages and frequencies of the wind turbines would be slightly affected by the fault that 

occurs in the onshore grids, but it is not the case for HVAC link [81]. 
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TABLE 2.1::Main feature of CSC-HVDC link compared to VSC-HVDC link [70][73] 

Attributes CSC-HVDC VSC-HVDC 

Converter Technology Thyristor valve, grid-com. IGBT valve, self-com 

Max converter rating 6400 MW ±800kV (OHL) 1200 MW ±320kV , cable 

Relative size 4 1 

Reactive Power demand Reactive Power demand = 

50% P 

No reactive power demand 

Reactive power compensation & 

control 

Discontinuous control 

(Switched shunt banks) 

Continuous control 

Independent control of P& Q No Yes 

Scheduled maintenance Typically < 1% Typically < 0.5% 

Typical Convertor system losses 

in single level HVDC   

2.5 – 4.5 % 3-5% 

MTC 
Complex, limited to two 

terminals   

Simple – no limitation 

 

2.5.4 Past research on the application  of  the HVDC link  in power system  

stability enhancement  

HVDC link has proven to be an effective means to stabilise the transmission system 

with resulting higher energy transfer capability. A  number of research presented in 

technical papers have shown the capability of HVDC links in enhancing power system 

stability [79].  Also, power system restoration is proposed by the author in [76] using 

HVDC link support. In fact, HVDC Links can be implemented for both large-

disturbance rotor angle stability enhancement, known as transient stability, and small-

disturbance rotor angle stability enhancement by means of power oscillation damping 

improvement using various control design approaches and schemes. This is explained 

further in the next section. Numerous control design approaches have been developed 

over the last decades for power system control devices, gaining an insight into the 

small-signal electromechanical nature of a power system. 

In general, the objective of a control system is to make the plant output signal behaves 

in a desired way by manipulating the plant input signal.  However, there are different 

kinds of problems including the regulator problem, which manipulates the input to 
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counteract the effect of the disturbance whereas the servo problem manipulates the input 

to keep the output close to the set-point. Control system design and mode estimation 

methods can be classified as either model-based analysis methods or measurement-

based methods. Model-based methods involve linearising the differential equations of 

the power system around a given operating point. This method is widely used for the 

analysis of low-frequency oscillations such as eigenvalue analysis. The main downside 

of this approach is the requirement for highly intensive computation and its complexity 

increases with the size of the network under study. Also, the system model varies with 

the changes of operating conditions. Thus, this approach is not desirable for large 

integrated power systems due to the level of complexity involved in presenting the 

entire system model in detail. However, with a measurement-based method, a linear 

model of the system can be estimated from system measurements. In comparison, the 

required effort in building a measurement-based model is far less than that required for 

a model-based method [59]. 

In both approaches the main process of control system design is elaborated in Figure 2.2 

in order to have a better insight into the requirements of control system design [82]. 

The control design approach developed for power system stability improvement and 

reported in various papers is summarised in the next section. 
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Start

Step1: Study the system (process/

plant) under control in order to gain  

initial information about the control 

objective.  

Step 2: Model the system and simplify 

the model, if necessary. 

End

Yes 

No

Step 3: Decide which variable are to be 

controlled and Scale the variable and 

determine its properties 

Step 4: Decide on what sensor and 

actuator will be used and where they 

will be placed. 

Step 5 :Decide on :

Control configuration and type of 

controller to be used.

Performance specification based on 

the overall control objective 

 

Step 6:
Design the controller.

Simulate the controller on the either 
computer or the pilot plan
Analyse the resulting control system 

to ensure that specification are satisfied 

Are specification 

satisfied ?

Test and validate the controller on line, 

if necessary. 

 
 

Figure 2.2: The main steps and process of control system design [82] 
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2.5.4.1 Capability of the HVDC link  to enhance the damping of power 

system oscillation 

Power oscillation damping control through modulation of HVDC link’s power flow was 

introduced in 1976 in order to improve the transmission capacity of parallel AC tie lines 

[83]. Since then, due to a call for improved inter-area mode damping, the focus of the 

majority of studies have been on improving small-disturbance rotor angle stability by 

providing better damping of the inter-area oscillation modes using supplementary 

oscillation damping control for HVDC link. Furthermore, large investments in the 

installation of CSC-HVDC links in China (with existing operational capacity of 45GW) 

has encouraged extensive research in the field of power oscillation damping within the 

Chinese grid. These researches include both single POD controllers design and 

coordinated schemes for multiple controllers [59][84][85][86]. Several factors are 

important and must be considered in the design of power oscillation damping 

controllers including the performance of the controller to ensure sufficient damping, the 

robustness of the controller to changes of operating conditions, the simplicity and 

scalability of the control design method for deployment in large power systems. Also, 

the selection of effective input signals for power modulation is increasingly of concern 

and it has been the focus of many researchers [69].  Fundamentally, both WAMS-based 

global signals and local signals can be exploited for modulating HVDC link’s power 

flow. However, WAMS-based global signals have proven to be more effective in 

improving un-dampened mode of oscillations due to their ability to provide higher 

system observability [87][88][89][90][91]. The evaluation on the effectiveness of the 

local and WAM’S signals presented in [69] demonstrates that the local signal can also 

efficiently damp oscillations depending on their location.  Numerous signals can be 

used for modulating HVDC transmitted power such as frequency (rotor speed) or phase 

angle difference at the two ends of the HVDC-link. Alternatively, the rate of change of  

power flow can be used [92][93]. 

In addition to the aforementioned factors, a dynamic model of the system with an 

adequate level of system dynamics is required in the design of oscillation damping 

control to guarantee accurate results and a good level of damping factor. For the 

purpose of small disturbance rotor angle stability analysis, a generic small disturbance 

HVDC model based on injection modelling is presented in [94].  
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 The identification of optimal connection points of the HVDC link to improve the 

stability of parallel AC systems is another factor, which has been intensively studied 

[59][57].  However, in practice, due to logistical considerations, options for points of 

connection are very limited. In general, despite these potential limitations, the HVDC–

Wide area control could be a better option for damping inter-area oscillations. This is 

because HVDC transmission is normally used to interconnect regional grids, which 

means it can effectively influence the operating characteristics of the networks [95]. 

However, in large interconnected power systems with various inter-area oscillation 

modes and shapes, single FACTS or HVDC-based POD is not sufficient to provide the 

required level of damping. Therefore, the wide-area damping controllers are required to 

provide effective wide-area control for damping the multiple inter-area oscillation 

modes and consequently enhance the overall system stability [95]. On the other hand, 

multiple wide-area damping controllers require co-ordinated control. 

Another area of concern is the co-ordination of existing generators’ PSS and FACTS 

devices’ damping control. The research presented in [96] demonstrated that co-

ordinated FACTS and PSS damping control can provide improved oscillation damping 

with a simple low order control structure. Some other studies implemented nonlinear 

optimisation for co-ordination purposes [97][98]. On the contrary, the study presented 

in [99] shows that the supplementary damping controller implemented for HVDC link is 

not effective when there is no low frequency inter-area oscillation damping  issue in the 

network with the generators’ PSS are in service to damp the local oscillatory modes.    

Basically, both HVDC technologies can be used for damping control and generally any 

technique proposed for active power modulation is applicable for both systems. 

However, VSC-HVDC link can not only provide input for active power modulation but 

also, provide input for reactive power modulation for the purpose of dynamic stability 

enchantment. The studies presented in [100][57][101] show that active power 

modulation is more effective compared to reactive power modulation. 

Numerous control design methods have been implemented in the design of  HVDC-

based POD control, including extensions of traditional linearisation-based residue 

techniques [99],  the novel use of fuzzy control laws [102], sliding mode controls [103], 

relative gain array [104], H2/H∞ [95], pole placement techniques [105], Model 
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Predictive Control (MPC) [106],  energy function formulations [107], non-linear 

optimisation of PSS-based designs using local [86] and global [108] signals, and 

adaptive controllers with self-tune using the Prony method [109].  Also, the authors in 

[59] presented both the LQG-based state feedback techniques and the particle swarm 

optimisation for POD design [59] [110].  The authors in [110] also assessed the 

topological change and time delay variations [101].  Although LQG control was 

reported to be highly suitable for wide-area damping applications, assigning the right 

weighting only to the states that participate in critical oscillatory modes is a difficult 

task to perform and sometimes even adverse results can be observed due to complex 

weight tuning.  

Wide-area MPC control schemes are also proposed as a mode-based approach [111]. 

The study presented in [112] compares the performance of the MPC and the LQG 

controllers in improving the system inter-area oscillation damping. Results 

demonstrated that the MPC controller could provide better performance due to its 

capability to consider the system constraint while optimising the objective function. 

In all the proposed approaches a good performance in improving the post-disturbance 

response of the network has been demonstrated. However, the robustness of the 

controllers and coordination of multiple wide-area damping controllers have hardly 

been investigated. Also, the majority of the proposed methods have only been 

demonstrated on ideal test systems rather than a realistic model of large interconnected 

power systems.  

2.5.4.2 Capability of  the  HVDC link to enhance  transient stability 

As discussed in the previous sections, much research has focused on the application of 

HVDC link for oscillation damping using a supplementary controller. Whereas, the 

available studies on enhancing transient stability of the hybrid HVDC-HVAC systems 

are limited and many aspects related to this subject are still open for investigation 

[92][93]. Between the limited amount of research in this area, the authors in [113] 

introduces an inertia emulation control strategy for VSC-HVDC converters to improve 

transient stability of the AC system. Another study conducted by Liu investigates a 

hybrid multi-infeed HVDC system. An adaptive limiter for the current controller has 

been employed to improve the HVDC performance to stabilise the AC system after a 
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fault incident [114]. In addition to the HVDC link converter control, a DC chopper 

controller can contribute to the stability improvement of an AC network. The DC 

chopper controller can be categorised as an important member of the family of Discrete 

Supplementary Controllers (DISCOS). Such controllers are not part of the continuous 

system operation and will be activated at the time of severe faults in the system. The 

complete range of DISCOS includes dynamic braking, fast valving, single-pole 

switching, series capacitor insertion, controlled system separation and load shedding, 

generator dropping etc. [92][115]. The capability of the DC chopper to perform 

DISCOS has been tested by the authors in [92]. 

Another approach to enhance the transient stability of the system is exploiting the fast 

ramp-up capability of HVDC link as corrective control.  The corrective control actions 

are activated after the disturbance occurrence to minimise the impact of the disturbance 

on the stability of the system.  These actions have proved to be  effective in increasing 

transmission network capacity [116][117]. 

Both HVDC technologies allow fast changes of the power flow through them.  Also, 

short-term overload capability is available for the  majority of HVDC links depending 

on different conditions like ambient temperature, availability of redundant cooling 

equipment, etc. [118]. For example short-term overload capability of the West coast 

HVDC link which is the focus of this research is up to 2.4GW. This fast control and 

short-term overload capability (within ms time scale) could be exploited for corrective 

control actions to enhance system stability. 

2.5.5 Future development of  embedded and interconnector DC links 

The HVDC links are commonly used for the application of both interconnection and 

embedded links in parallel with AC lines. Due to a significant increase in the 

requirement for higher transmission capacity and offshore development, a large and 

growing area of demand for HVDC links is predicted in the future. Therefore, more and 

more HVDC links are expected to be installed, which have the potential to be employed 

for system stability enhancement. 
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2.5.5.1 Future embedded HVDC links 

With the EU’s ambitious plans for changing the energy infrastructure in order to reduce 

GHGEs, higher level of renewable energy generation (predominantly wind generation) 

is installed far from the load centres. This will result in a pressing need for additional 

transmission capacity to accommodate renewable generation. This can be very 

challenging for densely populated power systems where securing right-of-way 

permissions for new transmission lines are almost impossible.  

 An option for the increase of transmission capacity due to the increased power density 

is the use of embedded HVDC links. Therefore, another potential application of HVDC 

link refers to the prospect of embedding HVDC lines into the meshed AC system. As 

embedded HVDC lines become more widespread, there is increasing interest in the 

unique opportunities that they provide to enhance system stability. A good example of 

that is Chandrapur-Padghe Bipole HVDC link, in India, which adds another 1500MW 

to the existing capacity of the 400kV system [119]. An example in the UK is the 

Western HVDC link where the unavailability of HVAC transmission lines has resulted 

in the employing of a CSC-HVDC link across the Scottish boundary to add another 

2.2GW of capacity in this area by 2016. When DC links are connected in parallel with 

AC transmission lines, apart from providing higher capacity, additional benefit from 

HVDC links can be obtained if the appropriate control scheme is implemented 

including varying the power flow rapidly to improve transient stability or modulation of 

power on the DC link to provide damping of existing inter-area oscillations. 

2.5.5.2 Future off-shore DC grid 

In addition to the increase in the implementation of embedded HVDC links, there has 

been a significant increase in the use of interconnection links to facilitate the sharing of 

the installed wind generation across the EU. The European Wind Energy Association 

(EWEA) revealed that in the EU power sector,  the current installed wind energy 

capacity has reached to 117.3GW by the end of 2013 [120][121]. However, the 

fulfilment and deliverability of the EU’s targets for renewable energy is directly linked 

to the development of an offshore grid in the North Sea,  which is considered as one of 

the building blocks in the European Super-grid [77]. A DC super-grid can provide 

improved system reliability and market operation by taking advantages of both AC and 
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DC technologies. The potential of a meshed HVDC grid for power supply security and 

market integration in the North Sea area is investigated in [122]. The results 

demonstrated that improvement in grid frequency control can be achieved by employing 

suitable control schemes for meshed HVDC grids. Also, this significantly assists 

managing the outage conditions such as loss of wind power generation [122].   

Due to the capability of the VSC-HVDC link in fast power reversal and fast switching 

nature of VSC-HVDC, it is considered as the main HVDC technology for multi-

terminal applications and building a large interconnected offshore grid.  This is because 

VSC-HVDC link does not depend on the effective short circuit ratio or on reactive 

power support at the connection points in order to present a reliable commutation 

process. One key issue in implementing VSC-HVDC for super grid construction is their 

limited rating. However, future technological developments of VSC-HVDC towards 

increased power ratings may allow future applications of the VSC-HVDC system in 

bulk power systems and DC super grids [123]. Furthermore, the importance of 

standardisation in future DC grids should not be ignored [122]. 

2.6 Concluding remarks 

This Chapter detailed the history of stability issues in power systems and reviewed the 

latest proposed solutions by researchers for system stability enhancement using the 

HVDC link and the TCSC. Generally, the two main approaches that have been proposed 

in the literature for power system stability enhancement are implementation of new state 

of the art transmission devices or the implementation of various control schemes for the 

existing and upcoming devices. 

Also, the Chapter reviewed the various control design methods for the control of power 

flow control devices in transmission systems and the requirements of various proposed 

control design approaches are discussed along with commentary on the relevant 

available literature. As previously discussed, in the last few decades several researches 

have investigated FACTS devices and HVDC links active power set-point modulation 

for the purpose of achieving power oscillation damping using a variety of control 

schemes. Although, many proposed schemes have shown to be effective, very few 

control schemes have been implemented on a real power system. Also, available studies 

on the transient stability improvement of the hybrid HVDC and AC networks are scarce 
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and many aspects related to this area is still open for further research. For example, no 

studies have considered the co-ordination of various power control devices such as the 

HVDC link and the TCSC with regards to strategy to select the optimised set-point for 

each device. 
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Chapter 3  

Power system modelling in PowerFactory  

3.1 Introduction 

The following sections will outline the modelling and primary control of Current Source 

Converter (CSC) based HVDC transmission networks and the benchmark test networks 

that have been used in this thesis. The models are validated through a number of case 

studies using time domain (EMT/RMS) simulation in DIgSILENT PowerFactory. 

3.2 Introduction to DIgSILENT PowerFactory 

 As the complexity of the integrated electric power networks grows, the need for more 

comprehensive simulation tools rises.  

DIgSILENT PowerFactory is the leading high-end simulation tool for applications in 

generation, transmission, distribution and industrial systems. It integrates all the 

required functions for power system modelling analysis and simulation. Some of these 

functions include power flow, fault analysis, RMS stability, small signal analysis and  

interfaces for SCADA integration and PSS/E compatibility [124]. 

It also has the capability to integrate new state of art technologies such as power 

electronic based devices FACTS, HVDC links and wind generation. 

The focus of this thesis is on investigating the ability of the HVDC link to improve 

system stability using various control schemes.  Several concept proving test models are 

implemented throughout the thesis, which will be described in the following sections. 

The concept of a designed controller will be first applied to a test model then to a more 

realistic system in the full developed future GB network model. 
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3.3 Modelling and control of CSC-HVDC link 

3.3.1 CSC- HVDC link configuration and components 

For the CSC-HVDC link model incorporated in the test models, the CIGRE benchmark 

model is used. The single-line diagram of a CSC-HVDC link as modelled in 

DIgSILENT PowerFactory is shown in Figure 3.1. The detailed models of the 

associated converters’ control are provided in Appendix B.  

The model that represents the West coast HVDC link is a 600kV, 2.2GW Bipolar 

HVDC system with a 12-pulse configuration for converters’ bridges at both ends.  Each 

12-pulse converter comprises two 6-pulse valves connected in series of equal rated 

voltage at the rectifier and inverter terminals to enhance the DC voltage level for 

transmitting more power.  The neutral point is grounded as shown in Figure 3.1.  
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Figure 3.1: The CSC-HVDC single line diagram modelled in DIgSILENT PowerFactory 

 

The main components of the system include [22]:  

Converters: DC/AC and AC/DC conversion is performed in the converter units and 

each unit consists of two 6-pulse Thyristor bridges (also each bridge consists of 6 

Thyristor valves) and a built-in transformers with tap changers. The built-in converter 
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transformers are designed to work with high harmonic current and withstand AC/DC 

voltage stress. 

AC and DC side filters: In a 12-pulse converter all harmonics of the order 12k 1 

(k=0, 1, 2...) appear on the AC side. Therefore, a typical 12-pulse Thyristor terminal 

requires an 11
th

, 13
th

, 23
rd

, 25
th

 … filter on the AC side. Some HVDC designs with 

overhead lines also implement a DC filter.   

Reactive power compensation: CSC-HVDC link has high reactive power demand 

which varies with DC power. Typically a large percentage of reactive power 

compensation is  required, which is up to 60% of the DC power rating, to be  provided 

by the filter banks and the rest is supplied by switchable capacitor banks or FACTS-

based devices such as a STATCOM or SVC. 

Control system: The rectifier and inverter include various hierarchical control systems 

which will be explained further in the next section.  

Smoothing reactors: The DC-side of the converter consists of smoothing reactors, 

which are mainly required to reduce harmonics at the DC-side, prevent commutation 

failures and protect valves at post fault. It is usually determined based on DC fault 

current, communication failure and dynamic stability [125]. 

 

3.3.2 CSC-HVDC link modelling 

The equivalent circuit of a CSC-HVDC system is illustrated in Figure 3.2 to show the 

relationship between DC voltage, (Vdc) at the rectifier and inverter side.  Also, the 

principal equations for Vdc and DC current, (Idc) at a multi-bridge HVDC links’ 

converter are defined in (3.1) to (3.5). Also, all the parameters are defined in Table 3.1. 
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DC Line 
Rec. Invr.

 

 

Figure 3.2: The equivalent circuit diagram of the CSC-HVDC Systems [22] 

 

It is evident that Vdc can be changed by varying the firing angle. However, as can be 

seen in (3.4) the Power factor angle is dependent on the firing angle. Therefore, the 

nominal firing angle is desired to be kept low, around 15-20 in order to reduce the 

reactive power consumption. A sufficient margin is also required to compensate for any 

AC voltage drop following a disturbance [125]. Also, Vac and the inductance of the 

converter transformer, (Ltr) can affect the Vdc. In fact (Ltr) prevents instantaneous 

communication from one Thyristor switch to another and eventually results in 

communication overlap denoted by ().  
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)tan( acac PQ   
(3.5) 

In addition, as shown in (3.3), Idc is proportional to the difference between the 

converters’ voltage. Therefore, Idc can be controlled by using the inverter or rectifier 

voltage.   

3.3.3 Control strategies  for CSC-HVDC link 

Under normal conditions, the rectifier end operates in Constant Current Control (CCC) 

mode to control the Idc, while the inverter controls the Vdc. In fact the Idc and Vdc are 

controlled in order to maintain the desired power transfer on the DC link. It is essential 

therefore to continuously measure the required system quantities such as the Idc, Vdc , 

firing delay angle, (α) and inverter Extinction angle.
 
The roles of converters could 

reverse under abnormal operating conditions such as reduced AC voltage or a fault 

occurrence. This is further explained in the next section. 

3.3.3.1 Rectifier control mode 

The rectifier of CSC-HVDC link typically operates at CCC mode. However, the 

rectifier voltage can be increased until the firing angle reaches the minimum firing angle 

TABLE 3.1:Definition of the CSC-HVDC link parameters  

  
 

Firing delay angle (start of 

commutation) 
dcI  DC current 

  
Extinction delay angle (end of 

commutation) LLiV  
Line to line AC voltage at 

inverter side 

  
Commutation overlap angle 

)(   LLrV  
Line to line AC voltage at 

rectifier side 

  Ignition advance angle )180(     Powerfactor angle 

  
Extinction advance angle 

)180(   trL  Reactance at Rectifier side 

dcrV  DC voltage at Inverter side 
 tiL  Reactance at Inverter side 

 

dciV  
DC voltage at Rectifier side 

 
B 

Number of series connected 

6-pulse bridge 
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limit of α=2 . Under this condition, the rectifier moves to constant firing angle mode 

where (α = constant).  

3.3.3.2 Inverter control mode 

The inverter could operate in three different control modes depending on system 

conditions.  

 In normal operating conditions, the inverter operates at constant Vdc mode to 

stabilise the system while the rectifier is controlling Idc. 

 If  the AC voltage at the rectifier side reduces, the rectifier assists in improving 

the voltage reduction by reducing its firing angle until it reaches to the firing 

angle limit and from that point it would operate at α = constant mode. Whereas, 

the inverter keeps the Idc constant and operates at CCC with current reference, 

(Iref) reduced by a current margin, (Imargin). Therefore, there is a 10-15% margin 

between the Iorder    at the rectifier side and Iorder at the inverter point. 

 If the AC voltage at the inverter side is reduced, the rectifier carries on 

controlling the Idc and the inverter moves to a Constant Extinction Angle (CEA) 

mode to prevent commutation failure. 

Overall, the CSC-HVDC system is not desirable for maintaining the rated DC current, 

Idc, when the AC voltage drops more than 25%. This is because; following the AC 

voltage depression, the rectifier firing angle reaches its minimum limit to compensate 

the AC voltage drop. In case of further AC voltage drops, the rectifier moves to constant 

mode and Idc will be controlled by the inverter at the reduced level. Since Vdc is not 

controlled by any of the converters, Vdc might drop further. Therefore, the Voltage 

Dependant Current Order Limiter (VDCOL) control is implemented to reduce the 

maximum allowable DC current when the voltage drops below a predetermined value. 

The VDCOL characteristics may be a function of the Vdc  or AC commutating voltage  

[125]. 

All of the operating control modes are designed to ensure the DC system stability and 

minimum reactive power consumption, as the high firing angle or extinction angle 

results in high reactive power absorption.  
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3.3.4 Hierarchy control system for the CSC-HVDC link 

An overview of CSC-HVDC link’s control hierarchy is illustrated in Figure 3.3. In a 

bidirectional HVDC link the inverter and rectifier can interchange modes rapidly. The 

inverter provides three control modes, including Constant DC or AC voltage control 

mode, CEA and CCC mode. In inversion mode, it is critical to maintain the Extinction 

angle at minimum to avoid commutation failure. Hence, the CEA (Gamma or 

Extinction angle control) is a default control at the inverter side. However, this mode of 

control is less stable during a disturbance or in cases where the DC link is connected to 

a weak AC network.  Therefore, DC or AC voltage control is the main control at the 

inverter side using a Proportional Integral (PI) feedback control to maintain the voltage 

at the target level. 

The Idc (or active power control) is not active throughout normal operation. This back-

up control is very favourable during a fault on the DC side or when the rectifier losses 

its Idc control during a depressed AC voltage at the rectifier side following any 

disturbance. The inverter CCC controller compares the Iorder with a reference current 

(Iref) reduced by margin current. (Ire f = Iorder- Imargin, with Imargin = 0.1 p.u.). 

A hierarchy master level control, as presented in Figure 3.3, is provided at the rectifier 

side, which in fact provides the current reference (Iref) to the main DC current 

controller.  The rectifier also facilitates the power control by continuously calculating 

the DC power at the DC voltage reference value and outputs the scheduled Iorder. [125]. 

 As shown in Figure 3.3, frequency control and power oscillation damping can be 

employed at the rectifier side.  Power oscillation damping can be implemented to 

improve the stability of networks with poorly damped oscillations.  This signal is 

usually added to Iorder. Also, the active power order override is provided, which can be 

implemented for post-fault action and other events. All three controllers calculate the 

firing angle and the lowest outputs from these controllers are selected through minimum 

gamma logic selection to determine the firing pulse for the inverter valves. The firing 

angle is limited between 110
◦
 and 170

◦
 to reduce the possibility of commutation failure 

and at the same time to avoid unplanned switch over to the rectification mode. 
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Figure 3.3: Schematic of the hierarchy control for the CSC-HVDC link at Rectifier and 

Inverter side 
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3.4 TCSC modelling 

As explained in Chapter 2, the TCSC can be implemented in a heavily loaded 

transmission line to increase the capacity of the transmission line. In addition, it can 

provide improvements in power oscillation damping, SSR mitigation and transient 

stability [126][127]. 

The TCSC circuit consists of a Thyristor-Controlled Inductor branch (TCR) in parallel 

with a capacitor, which is inserted directly in series with the transmission line. 

Therefore, the TCSC can be simply modelled by using the concept of variable reactance 

as shown in Figure 3.4. 

 

Figure 3.4: structure of the TCSC model  

The variable inductive reactor of the TCR branch, (XL) can be controlled by varying the 

Thyristor firing angle, (α) as shown in Equation (3.6) and the TCSC effective reactance 

XTCSC  is calculated using (3.7)-(3.9)  [128][129]. 
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The TCSC is capable of operating in both the inductive (90 <   < limL ) and the 

capacitive regions ( limC <   < 180)   by varying the Thyristor firing angle [129]. When 



Chapter 3.Power system modelling in PowerFactory 

54 

 

the value of XL (α) = XC the effective XTCSC becomes infinity and the TCSC starts 

resonating, which has to be avoided. 

3.5 Static Var Compensators (SVC) model 

The SVC is a voltage controlling device, consisting of Thyristor Switched capacitors 

(TSC), Thyristor Controlled Reactors (TCR) and filters. Its main application is to 

provide fast acting MVAr response to system voltage changes. Similar to the TCSC, the 

variable inductive reactor of the TCR branch (XL) can be controlled by varying the 

Thyristor firing angle (α). The SVC effective reactance (XSVC) and the equivalent 

susceptance as a function of (α) are defined in (3.10) and (3.11) respectively [130].  

L
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SVC operation modes include: 

 Target voltage mode (fast voltage controller) 

 Constant MVAr mode (reactive power) 

3.5.1 Target voltage mode 

Despite the name, at this mode the SVC will not adjust its output to maintain a constant 

voltage. In fact the target voltage is the intercept voltage at which the SVC output will 

in fact be zero and maximum reserve is available. The output of the SVC is determined 

by a predefined slope characteristic (setting is typically 4 - 5%.) and an intercept or 

target voltage (that is normally set within the range 0.95 – 1.00 – 1.05p.u.).  In case of 

voltage deviation from the target voltage, the output of the SVC will be adjusted along 

the pre-set slope. This means that with a slope of 5% the output of the SVC will be 

changed from zero to maximum capacitive output for a 5% fall in voltage from the 

target. This implies that if the steady state voltage is allowed to deviate from the 

intercept (target) then the reactive reserves will be consumed and only a limited 

response will be available for voltage support in the event of a fault. It is, therefore vital 

to observe the SVC output in this mode at all times. 
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3.5.2  Constant MVAr mode 

In this mode, the MVAr output of the SVC will be maintained at a predefined constant 

value. The reactive controller will achieve this MVAr target by adjustment of the target 

voltage (set-point) of the voltage controller with the δVQ in order to maintain the SVC 

reactive power output at a specified value given by the target MVAr set-point. This 

mode ensures the SVC dynamic reactive power reserves are available for fast regulation 

[130].  

3.6 Characteristics of the test systems used throughout the thesis  

3.6.1 Test system 1  
A Single Machine Infinite Bus (SMIB) system, which is presented in Figure 3.5, is set 

up and implemented to demonstrate the process of interfacing PowerFactory to 

Matlab/Simulink. The test system consists of two AC lines (ElmLine) which connects 

the two areas. The generator (ElmSym) in each area is represented by a full order 

synchronous machine model, which is equipped with both governors and voltage 

regulators in PowerFactory. One of the AC lines is equipped with a TCSC, where the 

initial Fixed Series Compensation (FSC) is 30% of the total line reactance. The TCSC 

can provide up to 75% compensation to the total reactance of a single line route by 

changing the reactance of the TCR. As discussed in section 3.4, the TCR is modelled as 

a variable reactance (ElmSind) “VarReactor” and the steady state value of the 

inductance, which is 20 Ohms, is defined in the load-flow model. When the Thyristors 

of the TCSC are blocked, the TCSC operates as a conventional series compensator with 

a fixed reactance “XC” and when the Thyristors are conducting the device can vary its 

net reactance. This series reactance could be adjusted within its limits to keep the 

specific amount of active power flow across the line. It is essential that the initial 

condition of the TCSC reactance is defined and set in the design of the controller in 

PowerFactory.  The control variable is the reactance of the TCR branch. In fact the 

active power in Line1 is regulated by varying the reactance of the series reactor to 

minimise inter-machine / inter-area oscillations under normal operations such as 

tracking of the set-point changes. The specific details and parameters of test system1 are 

provided in Appendix A.1. 
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Figure 3.5: Schematic of concept proving test system1 in PowerFactory  

3.6.2 Test system 2 (Multiple TCSC line)  

The second SMIB model, as depicted in Figure 3.6 , with two parallel TCSC lines, is set 

up to investigate the performance and capability of a MIMO controller in the 

coordinated control of multiple TCSC lines in order to enhance system stability. The 

test system consists of two AC lines in parallel with two TCSC lines. Each TCSC line 

has an initial FSC of 30%. The TCR branch of the TCSC lines can produce up to 75% 

compensation to the total reactance of a single line route. The other characteristics of 

the system are similar to test system1. 

 

Figure 3.6: Schematic of test system 2 (or multiple TCSC line) in PowerFactory  

3.6.3 Test system 3 (Single HVDC link)  

The third SMIB test system, shown in Figure 3.7, is set up in DIgSILENT 

PowerFactory to investigate the capability of an embedded HVDC link in parallel with 
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an AC line for improving system stability. The dynamic model of the CSC-HVDC link 

and generators are implemented in the test system. The HVDC link in this model is to 

represent the future West Coast HVDC link of GB system. The main parameters of  test 

system 3 are provided in Appendix A.3. 

 

Figure 3.7: Schematic of test system 3 in PowerFactory including the HVDC link & AC lines 

 

3.6.4 Test system 4 (Multiple HVDC links) 

The forth SMIB test system, shown in Figure 3.8, is set up in DIgSILENT 

PowerFactory to represent the transmission network connections between the North of 

England and Scotland. In this test system two parallel HVDC links are integrated to the 

AC system. The power transfer from generator 1 to the load is around 1.3GW including 

each HVDC link carrying 500MW of power. Also, the dynamic model of the generators 

and the CSC-HVDC links are implemented. The specific details and parameters of test 

system 4 are provided in Appendix A.4. 
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Figure 3.8: Schematic of test system4 in PowerFactory  with multiple HVDC links 

 

3.6.5 Test system 5 (Including the HVDC link and SVC) 

Another test system, with initial transfer levels of 2GW and 500MW power on HVDC 

link, shown in Figure 3.9, is set up for demonstrating the coordinated control of the 

HVDC link and SVC together under a single MIMO SR feedback control. This test 

system is set up to represent the system across the B6 boundary, with the HVDC link 

along the West Coast and the SVC at Harker side. In addition to the voltage regulation 

function, this SVC is also equipped with a POD for damping control. The damping 

control senses system oscillations from either frequency or active power feedback 

signals. In the SMIB system, power flows on AC lines L1, L2, L5 and L6 are monitored 

by the POD, as is the case in the GB transmission system on the West-side of the AC 

inter-connectors.  The specific details and parameters of test system 5 are provided in 

Appendix A.5. 
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Figure 3.9: Schematic of concept proving test system5 in PowerFactory  

3.6.6 Test system 6 (Two-area four-machine system) 

The test system 6 shown in Figure 3.10 is used for dynamic stability assessments and 

illustrating the application of the TCSC and HVDC link in providing supplementary 

damping control. This model is based on the two-area four-machine system with an 

extra AC line which is extracted from [22]. In the mid-point of the additional AC line 

there is a TCSC that provides 40% compensation of the line reactance. In studies where 

the HVDC link capability for oscillation damping control is under investigation, the 

TCSC line is replaced by a HVDC link. The parameters of test system 6 are provided in 

Appendix A.6. 

Figure 3.10: Schematic of Two-area four-machine test system6 in PowerFactory 
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3.7 Concluding remarks 

In this Chapter, following a brief overview of the principles and background theory of 

the TCSC, SVC and CSC-HVDC link, the overall control strategies for the CSC-HVDC 

link are discussed. In addition, all the test systems, modelled in DIgSILENT 

PowerFactory are presented in this Chapter.  The details of these models, which include 

the CSC-HVDC and benchmark test systems, are provided in Appendix A and B. In the 

subsequent Chapters, these models are implemented with an objective to study the 

capability of the HVDC link in transient and dynamic stability enhancement for the 

future GB transmission networks. 
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Chapter 4  

Framework and requirements of hierarchical stability 

control system 

This Chapter describes current and future control issues with specific reference to the 

GB transmission system, as well as explaining the requirement for a hierarchical 

stability control system. In addition, the need for interfacing simulation programs such 

as DIgSILENT PowerFactory (PF) with MATLAB control tool boxes, which are 

capable of performing comprehensive mathematical calculations and offering a wide 

range of control system functions are discussed, as an initial step to develop such a 

hierarchical stability. 

4.1 Introduction to current and future control schemes in the GB 

transmission system 

In the operation of High Voltage (HV) transmission systems the major control actions 

are carried out via generation dispatch optimisation, which are for the control of a given 

steady state operating point and can be for both pre and post fault situations. Ultimately, 

the balance of generation and demand is controlled at this level. In addition to the 

generation dispatch control, other controls actions usually involve are substation 

configuration, compensation equipment switching control and demand side 

management etc. The purpose of these control actions are for short-circuit fault levels, 

flow control, voltage and reactive power regulation and system stability. 

The devices deployed in a HV transmission system for either voltage or power flow 

control could be both manual and automatic. For example, the voltage control devices 

include transformer tap changers, Manually Switched Capacitor (MSC) banks and Static 

Var Compensation (SVC) systems, while the flow control devices consist of Phase 

Shifting Transformer (PST), known as ‘Quadrature Boosters’ (QB), Fixed or Thyristor 

Controlled Series Compensation (FSC/TCSC) devices and the HVDC link. Within the 

National Grid transmission network, tap changers, MSC, SVC, QB and inter-system 

HVDC interconnectors have been installed as mature technologies for many years. 

National Grid is currently considering using various system controllers to reinforce the 

GB transmission system to meet various 2020 energy scenarios including the ‘Gone 
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Green’ scenario[131] [8].  The Series compensation and HVDC link are the top two 

system controllers amongst others that have already been entered into the ENTSOE’s 

Ten-Year Network Development Plan. The new Series Compensations and the West 

Coast embedded (inter-area) HVDC link are now expected to be commissioned in 2015 

and 2016 respectively. With the nearing addition of these automatic devices to the 

system, how to control and operate them to achieve the maximum benefit from the view 

of a System Operator (SO) is a pressing issue that needs urgent answers. 

4.2 Requirement for hierarchical stability system  

 As previously mentioned in Chapter 1, following the CO2 reduction legislation, all the 

EU countries are committed to maximise their power output from low carbon resources 

such as renewable energy sources. A significant portion of these renewable resources is 

expected to be from wind farms, both onshore and offshore. Also, it is predicted that the 

installed capacity of wind generation will increase to around 30GW by 2020 compared 

to the current installed capacity of around 10GW[132] [1]. 

The majority of the new wind generation will be installed in Scotland, and offshore in 

the UK as a whole, where the maximum levels of wind resources are available. Such an 

increase in variable renewable generation will result in significant changes to the 

direction and volume of power flows across the network. A good example is a 

significant increase in the required power transfer between SPT (Scottish Power 

Transmission) and National Grid networks [1][2] [132][133][134]. The SPT and 

National Grid Electricity Transmission (NGET) networks boundary (known as Anglo 

Scottish boundary) contains two double 400kV AC lines; on the Western and the 

Eastern sides of the boundary. The Anglo Scottish boundary (also known as B6) has a 

current transfer capability of around 2.2GW due to stability issues. The stable operation 

of the network following a certain disturbance is guaranteed by reducing the power 

transfer on this boundary. The range of the required power transfer capability over the 

boundary increases every year, due to the increase in the potential output from the 

intermittent wind generation [133]. As a result it is essential that the GBSO and TOs 

maximise the use of existing transmission lines operating them closer to their thermal 

limits in order to avoid constraining some generation plant and also to develop methods 

to improve the stability limit. A potential solution to provide the higher transfer capacity 
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required to integrate this additional generation is to use some of the new transmission 

technologies, such as TCSC and embedded HVDC links. These will come into 

operation in the GB system between 2013 and 2021 as shown in Figure 4.1.  Such 

power flow controller devices could dynamically change the overall structural and 

oscillatory behaviour of the system and consequently affect system stability.  National 

Grid may have to resort to costly pre-fault constraint management to maintain system 

stability if these system changes cannot be controlled quickly via power flow control. 

However, without investment in stability control systems much of the potential 

advantages and effectiveness of all these costly reinforcements on the transmission 

system could be wasted.  Consequently, this could result in constraining the output of 

renewable energy sources which ultimately increases the operating costs of the UK 

electricity market. Therefore, a stability control system is required to guarantee the 

optimal dynamic performance for the co-ordination of power flow control in such a 

large integrated power system [135][136][137]. 

 

Figure 4.1: Existing and future reinforcements for England and Wales [133] 
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4.3 Control problems in the GB transmission system 

The embedded HVDC link and TCSC’s are fast acting and automatically controlled 

devices, which are primarily designed for power flow control purposes whereas SVCs 

are used for voltage regulation. Both the new HVDC link and SVCs in the GB 

transmission system are capable of incorporating additional feedback signals to enhance 

system oscillation damping. 

Current thinking on the operation of the TCSC in the GB system is to be implemented 

only for a small range of load flow regulation during normal operation, while the ability 

for tuning the controllable series reactance is to be utilised to avoid SSR. 

The future West Coast embedded HVDC link in the GB transmission system, also 

known as “bootstraps” for this type of HVDC applications, are supposed to tie the two 

parts of the weakly connected AC sub-systems in the GBSO network together under 

both pre and post-fault conditions. 

With regard to power flow control, the HVDC link is primarily intended to control the 

pre-fault flow and enhance the boundary transfer capacity, while at the immediate post-

fault, it’s fast ramping and short-term capacities can be utilised to enhance the transient 

stability. While the HVDC link provides  fast ramping in order to take on extra flows 

from faulted AC circuits, the SVC can be regulated within the statutory operation limits 

(±10% on the GB HV system) to provide useful support such as post-fault actions.  It is 

important to note that all of these controls are in transient time scales (i.e. in 

milliseconds). 

As explained previously in section 4.2, the Anglo-Scottish boundary is such a critical 

boundary both traditionally and in the future due to the penetration of renewable energy 

sources in the GB system. National Grid has therefore; put a huge investment into this 

area. Hence, the network in this area is now congested with many types of new and 

automatic control devices. For example, conductor upgrades have been ongoing in the 

last few years; new transmission technologies such as the TCSC and the embedded 

HVDC links down the East and West coast are coming into operation in the GB system 

by 2016 and 2018 respectively. Without proper analysis, there is a risk of interaction 

between various control devices [14] [134] [138]. 
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4.4 Introduction to National Grid operational tools  

As aforementioned, the constant challenge to National Grid as the GBSO is to improve 

the stability limit across the B6 boundary. Therefore, it is critical to   investigate 

whether the stability limit can be pushed close to the thermal load flow limits under all 

operational conditions by implementing a Stability Control System (SCS). However, 

such a stability control system is required to reconcile with all other control systems on 

the National Grid system which are built for overall operational control. These control 

systems include the Energy Balancing System (EBS), Operational Tripping Schemes 

(OTS) equipped as Special Protection Systems (SPS) and On Line Stability Assessor 

(OSA). Therefore, a brief introduction to all operational tools used in National Grid that 

might be linked with the proposed SCS is provided. Then the framework and role of the 

proposed SCS within the entire National Grid control system is outlined in the next 

section [135][136][137]. 

4.4.1 Security constrained dispatch program (EBS) 

System security is a crucial issue in operating the transmission system. A secure pre-

fault optimal power flow solution assures both the pre-fault and post-fault constraints. 

The security constrained dispatch program at National Grid will incorporates a network 

model to secure thermal constraints directly by placing limits on the output of sets of 

generators. In the future security constrained dispatch program, which is known as EBS, 

the voltage constraints and thermal constraints will also be secured in terms of group 

constraints. Stability constraints will be secured by limiting generation in the constraint 

group based on the constraint limit calculated by off-line studies using Off-Line 

Transmission Analyser (OLTA) and fed to the security constrained dispatch program. 

This implies that all thermal, stability and voltage group constraints are secured for the 

optimal power flows solution obtained from the future security constrained dispatch 

program. Therefore, the SCS, which will be explained in the Section 4.5, will also 

honour all thermal, stability and voltage constraints if the set-point of the SCS is 

obtained from the security constrained dispatch program. This allows the SCS to follow 

the optimal power flows from the future security constrained dispatch program 

[135][136][137]. 
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4.4.2 On Line Stability Assessor (OSA)  

“OSA” stands for Online Stability Assessment tool while Power Network Analysis 

(PNA) is commonly used in the context of the Integrated Energy Management System 

(IEMS) for power network analysis.  Control engineers at the ENCC in National Grid 

use the PNA tool to assess the GB HV transmission system security using online 

measurements in real-time. The PNA tool can be used to study thermal and voltage 

violations. However, there is no facility to study the dynamic behaviour of the system 

and to assess system stability in near real-time. 

With more wind farms and other types of renewable energy coming into our 

transmission system, National Grid is facing increasing difficulties to manage the 

uncertainty due to the intermittency nature of renewable energy. The traditional 

planning process studies system stability once or twice a day at the system peak loading 

period(s). However, the wind can never be predicted precisely as we expected. 

Consequently, wind power generation always has the element of uncertainty. In the GB 

transmission system we have limited transmission capacities at some locations. Sudden 

changes of power over these ‘weak’ parts of the network may cause thermal overloads, 

voltage stress and power swings or stability problems. Clearly, only a couple of stability 

studies per day are becoming less and less adequate to cope with this more variable 

situation. The solution to manage the uncertainty is to move away from the reliance on 

off-line studies and assess the stability online continuously. Therefore, OSA is required 

to complement and enhance the PNA performance for the real-time stability security 

assessment. OSA uses full system dynamic models for stability analysis. All studies for   

all credible system contingencies are run every 10-15 minutes based on the current 

system snapshot which is produced by the IEMS ‘state estimation’ from the rea-time 

measurements which are typical SCADA, RTU measurements. 

In OSA, system stability is quantified against our Standards of Quality and Security of 

Supply (SQSS) [15]. Unlike the power flow contingency analysis, stability could be 

affected by both location of faults and timing of post-fault actions. These differences 

give added complexity to computation. Therefore, the processing speed is extremely 

critical to the OSA application. For that reason, an efficient algorithm on the powerful 
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parallel computer servers is implemented for stability analysis to capture any potential 

stability issue in real-time [139]. 

4.4.3 Operational Tripping Schemes (OTS) 

The generation intertrip is a conventional technology that is used by TSOs to alleviate 

overload and improve system stability. It is a protection controlled automatic action that 

will disconnect a selected generator and solve system thermal overload, voltage and 

stability issues and improve system security. As specified in the connection agreement, 

TSOs can ask generators to select their contracted machines to be armed to intertrip to 

attain a more secure situation post fault/disturbance. Should the fault happen the 

selected generator circuit breaker will open in a specified time [140]. This service is 

also known as generation curtailment or Operational Tripping Scheme (OTS). In 

National Grid, OTS operates to a set of operating rules that determine the action of the 

scheme in response to power system events and states. In general, an OTS will monitor 

the terminating circuit breakers and/or disconnectors of certain circuits and trip 

generation according to a selection by the ENCC control engineer and power station 

control staff. 

4.5 Framework of hierarchical stability control system  for the 

GB transmission system  

The proposed hierarchical SCS shown in Figure 4.2 is a Feedback control system 

intended to deliver the best stability and dynamic performance. The hierarchical 

components of the control system defined as follows [135][136][137].   

 A security constrained dispatch program which acts as a master control to provide a 

set-point for the SCS in order to secure all thermal and voltage constraints as 

described in section 4.4.1. 

 A feedback SCS in which fast power flow controller devices such as the TCSC and 

the embedded HVDC link are defined as an actuator.  A stabilising control 

algorithm is employed to ensure that the mismatch between the set-point and actual 

active power on the individual lines are minimised. The Phasor Measurement Unit 

(PMU) will be used to provide the measured data of the actual power on the 

individual lines. 

 The OSA will be implemented for Special Protection Action (SPA). 
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When the control actions of the SCS feedback control are inadequate as predicted by OSA, 

a generator intertrip scheme should be deployed as the final special protection action. 

Therefore, the future OSA will be utilised to manage the intertrip actions as the last 

solution. 

An issue will be raised at the immediate post-fault. As the security constrained dispatch 

program takes time to be updated and will not be updated immediately after a fault. As a 

result, the areas either side of the tie-lines or the boundaries will be destabilised if the SCS 

still follows the pre-fault results of the security constrained dispatch at the post-fault. A 

solution for this issue is proposed in section 4.5.1 [135][136][137]. 
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Figure 4.2: Hierarchical stability control system 

 

4.5.1 Proposed solution 

The objective of the control system is to maintain system stability by reducing the 

swing of the areas either side of the boundaries against each other or minimising the 

frequency deviation.  The SCS could minimise the frequency deviation and the power 

swing of the areas either side of the boundaries if it manages to keep the total boundary 

power flow as constant as pre-fault.  In order to do that the power set-point at the 

immediate post fault is defined as follows [4-5]: 
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 K: Number of lines not under the SCS control; 

 i: Number of lines with the power flow controller devices. 

 In (4.1), “Zk” represents the circuit breaker position and “Zk” becomes zero when the 

line K
th  

is open or tripped. “Zm” represents the circuit breaker position of line with 

power flow control devices. “P k, OPR-Ref” and “P i, Ref “denotes the pre- fault optimal 

power flow on the each line obtained from the security constrained dispatch program. 

When a fault occurs on the K
th

 line, at immediate post-fault, the loss of that line will be 

picked-up and shared by the lines under the control of the SCS by modifying the pre-

fault set-point of the SCS “P i, Ref  ” to the new set-point “P* i, Ref  ” as defined in (4.1). 

4.6 The  supervisory stability control system design 

As described in section 4.2, an overall stability control strategy at the transmission 

system level is needed for the best dynamic performance and co-ordination of power 

flow in the GB transmission system. However, coordination of different types of 

devices with their internal control systems in the GB transmission system requires a 

computerised system controller to command the individual actuators. This system 

controller must be designed in view of the GB transmission system as an entity. It is 

proven that discrete control law is more applicable to computer control system design. 

In order to design such a controller, there is a need to interface simulation programs 

such as PowerFactory (DIgSILENT) with some control tool boxes that are capable of 

performing comprehensive mathematical calculations and offering a wide range of 

control system functions. The Matlab program offers a large control toolbox and a wide 

range of computerised algorithms. Thus, when one is investigating a new control 

technique, either continuous or discrete, for power systems, it is more convenient to use 

Matlab. Access to the Matlab program from the simulation is achieved by using an 

interface to PowerFactory. This section briefly describes the process of interfacing 
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PowerFactory and Matlab program as an initial step of developing an  stability control 

system for the GB transmission system [137][141]. 

4.7 Introduction to Matlab/PowerFactory interface  

Simulation tools have been used extensively by manufacturers, designers and system 

operators for the analysis and assessment of various aspects of the design and operation 

of power systems with ease and without resorting to costly and potentially harmful tests 

on the real system.  As the complexity in the integrated electric power network grows, 

the need for more comprehensive simulation tools rises. The simulation tools are 

expected to cater for all the standard power system analysis needs including high-end 

applications in new technologies such as wind power and distributed generation. 

Therefore, modern simulation tools have been developed in line with this ever 

increasing need by means of the integration of improved user interfaces. Interfacing 

between the simulation tools and external programs or mathematical tools extends the 

capability of the simulation tools in the execution of simulation more effectively, 

particularly in areas where the external programs or algorithms provides more advanced 

techniques and flexibility, i.e. advanced control system design in the Matlab control tool 

box [137][141] . 

4.7.1 Requirement for interfacing 

The standard library of the simulation tools which normally include models of 

synchronous/asynchronous machines, transmission lines, transformers, semiconductors, 

power electronic devices and simple processing functions (such as gain blocks and 

Proportional-Integral (PI/PID) controllers) facilitate the fast modelling and assembling 

of the electrical network. However, not all control system components are readily 

available to perform the specific computation or design of a complex control law. A 

comprehensive analysis /design requires computational facilities and advanced control 

blocks, digital processors, capability of modelling of nonlinear elements, etc. Therefore, 

it is sometimes essential to combine the two programs so that each could provide 

particular features either for more detailed modelling of certain aspects of a complex 

power network or for higher computational capability [142]. For that reason, the 

majority of simulation programs can extend their capability by interfacing to external 
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programs or software. In this approach, each software tool follows certain standards to 

allow software developed with various vendors to be implemented together through the 

use of interfaces [143].   

The application of interfacing has been reported in the simulation of power electronic 

convertors, design of complex protection systems, design of advanced digital control 

systems and simply adding another feature such as optimization to the main simulator 

[142].  The interfacing allows the full exploitation of both packages’ capabilities. 

Consequently the powerful mathematical and control functions including the various 

toolboxes available in the Matlab program could be implemented with the fast and 

powerful modelling and simulation capability of PowerFactory.  

 

4.7.2 Structure of the Matlab to DIgSILENT PowerFactory  interface 

The overall structure of the interface is illustrated in Figure 4.3.  

In the process of linking Matlab/Simulink to PowerFactory the following programs 

interact throughout the simulation time [141][144][145]. 

 PowerFactory. 

 Matlab data and data models in the form of m.files (.m)  

 Matlab/Simulink model (.mdl) 

The m.files and Matlab/Simulink models represent the model and algorithms of the 

external controllers, while the PowerFactory model represents the power system.  In 

order to implement a Matlab model/algorithm in a PowerFactory project, it needs to be 

included in a frame similar to the Dynamic Simulation Language (DSL) model 

definition. The first step is to create a ‘slot’ inside a composite frame (ElmComp) in the 

PowerFactory project where the model/algorithm should be inserted. A block definition 

(BlkDef) is also required to be created in the ‘type’ library, which allows a definition of 

the Matlab code to be imported by ticking the Matlab m-file check box in the 

classification section and providing the address of the m.file (as shown in Figure 4.5.e). 

It is important to note that users need to insert the address of the location where the 

provided m.file is stored. 
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In the block definition (BlkDef) of this composite frame, all of the required inputs from 

PowerFactory, the outputs obtained from Matlab and the state variables must be 

defined. In addition, all the defined inputs, outputs and state variables in this block must 

be declared properly in the m.file. In each step of the simulation, PowerFactory inserts 

all the signals defined as ‘global variables’ into a ‘common workspace’ that can then be 

used by the external models or algorithms in Matlab. It is therefore crucial that all 

signals including the controller parameters, inputs, outputs and state variables are 

defined as a global variable in the m.file [144]. The function that the Matlab/Simulink 

program is tasked to perform can either be a built-in Matlab function or a user-defined 

algorithm [141][144][145] . 
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Figure 4.3: Overall structure of the Interface 

In order to provide an illustrative instruction on how the interface between 

PowerFactory DIgSILENT and Matlab/Simulink can be created a study case is provided 

in this section to demonstrate the design of an external PI controller for the control of a 

TCSC line. In addition, this study case validates the correct creation of the interface 

between two programs for the design of an external controller in Matlab.  

4.8 Validation of the correct creation of interface between  

PowerFactory to Matlab/ Simulink  

This study case is set up to show the process and aspects related to interfacing the 

PowerFactory and Matlab/Simulink programs. In this study case, a PI controller is 

designed externally in Simulink to regulate the power flow in line1 and line2 (which are 

modeled in PowerFactory) using the Matlab to PowerFactory interface capability. 
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Regulation of the power in these lines minimises the inter-machine/ inter-area 

oscillations under normal operations by tracking the TCSC’s set-point changes. To 

examine the correct linking between the two tools, the performance of the externally 

designed PI controller in Simulink is compared with the case when the built-in PI 

controller from the PowerFactory library is used to regulate the power in line1 and line2 

[141]. 

4.8.1 Test system 

The SMIB test system1, described in Chapter 3, is used to show the validation and 

process of interfacing PowerFactory to Matlab/Simulink.  The initial state of the pre-

fault system can be read from the power flow in the diagram shown in Figure 4.4.  The 

characteristic of this model is provided in more detail Section 3.6.1.  As explained in 

section 3.6.1, one of the AC lines is equipped with a TCSC which can provide up to 

75% compensation to the total reactance of a single line route by changing the reactance 

of the TCR. Therefore, the control variable is the reactance of the TCR branch. The 

control system, in this example, is designed to regulate the power flow on line1 and 

line2 by varying the reactance of the series reactor in order to minimise inter-

machine/inter-area oscillations under normal operations such as the tracking of the set-

point changes [146]. 

 

Figure 4.4:  Test system1  in PowerFactory 
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4.8.2 The external PI controller in Matlab/Simulink ( Setting up the 

required structure on the PowerFactory side to create an  Interface) 

As described in section 4.7.2, the three programs (PowerFactory model, Matlab m.files 

(m) and Matlab/Simulink model (mdl)) interact throughout the simulation time when 

the interface capability is implemented. In this example, the Simulink model (mdl), 

shown in Figure 4.5.b, represents the externally designed PI controller. The parameters 

of the external PI controller are defined in a common DSL model (ElmDsl) of 

PowerFactory, as shown in Figure 4.5.d and Figure 4.5.e.  

As described in section 4.7.2, the first step of creating the interface to allow the 

insertion of the Matlab/Simulink model, is to create a slot (ElmDsl) inside the TCSC 

composite frame in the PowerFactory project, which in this study case is named 

“Matlab TCSC control” shown in Figure 4.5.a. This slot represents the PI controller 

model in Simulink (mdl). Each slot in the TCSC frame is linked and sourced to the 

relevant component using the created composite model (ElmComp) for the TCSC frame 

presented in Figure 4.5.c. Since all of the required inputs from PowerFactory, the 

outputs obtained from Matlab/Simulink and the state variables must be defined, a block 

definition (BlkDef) for the Matlab TCSC control slot is created and all inputs, outputs 

and state variables are defined as shown in Figure 4.5.e.  In addition, all the initial 

conditions (Figure 4.5.f) are defined in this block definition (BlkDef). 

 In this example, the input signals are measured power in Line1 (defined as P in Figure 

4.5.a, Figure 4.5.b) and set-point of the TCSC line (defined as Pref in Figure 4.5.b) 

which are sent from PowerFactory to the Simulink model. The output of the Simulink 

model (y) is the control signal of the PI controller that is sent to PowerFactory at each 

step of the simulation (defined as Xin in Figure 4.5.a, Figure 4.5.b). It is essential that all 

the inputs, outputs and state variables defined in the created block definition (BlkDef) 

(shown in Figure 4.e.) are declared as a global variable in the m.file which is presented 

in section 4.3.2. The parameters of the PI controller in Simulink (mdl) are defined in a 

common DSL (ElmDsl) model in PowerFactory as shown in Figure 3.d [141]. 
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a)  Composite TCSC Frame model in PowerFactory 

 

b) External PI controller in Matlab/Simulink  
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c) Composite model for the TCSC Frame in PowerFactory  

 

d) Common DSL model for Matlab TCSC control 
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e) Matlab TCSC control, block definition (Basic Data page) 

 

f) Matlab TCSC control block definition (Equations page) 

Figure 4.5:  Structure of the Interface for design of the PI controller in Simulink 

 

4.8.3 Initial conditions definition and calculation 

Setting incorrect initial conditions for a newly defined controller frames can stop the 

program or introduce unnecessary oscillations at the beginning of the simulation. The 

initial conditions have to be defined for any block that contains state variables. This can 

!The following equations are required for initial 
conditions calculation 

inc(Pref)=p 

inc(x1)=y/K 

y=0.001 

x1.= 0 
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be implemented within the block itself (i.e. the PI controller) or within the controller 

frame which contains the mentioned block.  

Since the system is in a steady state condition when initialised, all the error signals (if 

any feedback controller is employed) have to be zero. The initial conditions have to be 

defined for all the state variables in the frame. In most cases the initial value of the 

frame output is known to DIgSILENT through the load flow analysis which is executed 

prior to the initial condition calculation (if not it can be given the initial value). The 

initial value of the next block in line that has a state variable is given in a way that the 

calculated output value matches the known output value [141]. 

4.8.4  Setting up the required structure (on Matlab/Simulink side) to create 

the  Interface   

After creating the correct structure for implementing the interface in PowerFactory, an 

external PI controller is created in Simulink, as shown in Figure 4.5.b.  Since 

DIgSILENT PowerFactory is only able to call scripts, any Simulink file has to be 

executed via a script or Matlab function as presented in Figure 4.6.  

 

Figure 4.6:  Matlab script to execute Simulink file 

 

4.8.5 Performance comparison of Built-in and external controllers  

The performances of both the built-in and external PI controllers following the change 

of set-point of the TCSC line (Prep) are presented in Figure 4.7. The control signals 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

Function [t, x, y] = TCSCcontrol 

global p Pref   ki Ti Xmax Xmin k x1  

% Get the simulation parameters 

options = simget('TCSCcontrol_model'); 

% Set updated initial conditions 

options = simset('InitialState',[x1]);  

% Run the simulation and update the output and states 
value 

[t, x, y] = sim('TCSCcontrol_model', [], options); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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generated by both controllers and the active power in line1 that is under the control of 

PI controllers are shown in Figure 4.7. The simulation results show that the behavior 

and performance of the external PI controller in Simulink is identical with it perfectly 

matching the performance of the built-in PI controller in PowerFactory. This implies 

that the interface between PowerFactory and Matlab/Simulink is conducted correctly 

and that the inputs and outputs are exchanged accurately between the two tools at each 

simulation step[141]. 
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Figure 4.7: Comparison of built-in and external PI controller performance 
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4.9 Concluding remarks 

The necessity for the stability control system to guarantee coordinated and optimal 

dynamic performance of the power flow controller devices in a large integrated power 

system such as the GB transmission system has been described in detail in this Chapter. 

Furthermore, a hierarchical framework for the future stability control system was 

proposed in order to enhance stability and push the stability limit beyond the thermal 

limits under all the operational conditions as follows:  

Implementation of security constrained dispatch program:  

 To ensure that the power flows observe all constraints.  

Implementation of the SCS for the best stability and dynamic performance:  

To satisfy all thermal, stability and voltage constraints by following the 

optimal power flow solution obtained from the security constrained dispatch 

program.  

To control the inter-area swing and increase the synchronising power 

utilising TCSC and HVDC link as an actuator in a feedback stability control 

system.  

Implementation of the OSA as a predictive special protection:  

To manage the generator intertrip as the final special protection action.  

In addition, the requirement for interfacing Matlab/Simulink to PowerFactory is 

presented and validated in this Chapter. 
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Chapter 5  

 

Principle of the Sample Regulator control 

5.1 Introduction 

As previously discussed in Chapter 4, it is essential that the GBSO maximises the use of 

existing transmission lines by operating them closer to their thermal limits, improving 

the stability limits to avoid constraining some generation plants, particularly renewable 

generation across the B6 boundary. Therefore, National Grid is implementing a huge 

program of investment i.e. circuit conductor upgrades have been ongoing in the last few 

years and new transmission technologies such as the TCSC and the embedded HVDC 

links down the East and West coast are coming into operation in the GB system by 2016 

and 2018 respectively. To that extent the network in this area will comprise many types 

of new and automatic control devices[138][147]. 

Without thorough analysis, there is a risk of interaction between various control devices 

i.e. the interaction between POD controllers from SVC and HVDC links, interaction 

between devices with flow control, such as the West coast HVDC link, affecting the 

regulation of the future East coast HVDC link. Ultimately, these power flow control 

devices could potentially affect system stability. Without investment in a supervisory 

stability control system some of the potential advantages of these costly reinforcements 

on the transmission system could be lost. Consequently, this will result in constraining 

the output of renewable energy sources, which ultimately increases the operating costs 

of the UK electricity system. Therefore, a stability control system is required to 

guarantee the optimal dynamic performance and coordination of power flow control at 

pre-fault enhancing the stability limit at post-fault in such a large integrated power 

system. 

A framework for such a feedback control system to enhance system stability was 

proposed in Chapter 4. Also, the role of the proposed stability control system within the 

entire National Grid control systems was outlined in the previous Chapter 4 [136]. 



Chapter 5. Principle of the Sample Regulator control 

82 

 

Following that the Sample Regulator control design method is introduced in this 

Chapter for the design of the feedback stability control system. 

5.2 Feedback control system design  

 This Chapter focuses on the technical development of fundamental feedback control 

systems. Before further development the term controller, as used in this Chapter, should 

be explained first. Although, being regarded as ‘controllers’ in power systems, devices 

such as phase shifters, SVC, TCSC and HVDC links in a control system are regarded as 

actuators. Therefore for the purpose of control system design the above mentioned 

devices are named actuator in this Chapter. The controllers used in this study refer to the 

devices that produce the control command signals based on various system 

measurements. Actuators carry out commands from controllers that are either built 

within the actuators or are external. 

5.2.1 Primary and secondary control system 

The overall control strategy and a hierarchical stability control system structure are 

outlined in Section 4.5. Thermal and voltage security are provided by the security 

constraint optimal dispatch program (known as future EBS) under a normal operating 

point whereas the feedback SCS enhances the system stability and avoids as much as 

possible the use of  generator OTS. Finally, special protections such as OTS are 

deployed based on the OSA assessment as the last defence to stability enhancement. 

This section focuses on the design of the feedback stability control systems. In general, 

for the GBSO there are three options for type or structure of the control system design. 

1. Utilising internal control systems within actuators, e.g. SVC, TCSC and HVDC 

link.  

2. The POD compensation feedback loops added to the actuators as an auxiliary 

signal. 

3. Cascade control systems incorporate a secondary control system to further 

enhance the primary control systems within the actuators. 

Similar to PSS, POD is only a complementary control system, which could be 

incorporated into either type (1) or (3) by adding an additional feedback signal. 
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Therefore, type (2) is not considered as a separate control system configuration here. 

For that reason, the two following configurations are discussed in this Chapter.  

 A single-level control by utilising the internal controllers. 

 A cascade control by introducing an additional secondary controller on 

top of the primary internal controllers.  

5.2.2 Requirements for the feedback control system 

Internal control systems may be able to provide certain functions to the feedback control 

system within the SCS if there is a built-in controller within the actuator. Internal 

controllers are primarily required to perform rapid pre and post-fault voltage and power 

flow regulations and oscillation damping control.  

Cascade control is often used for servo-control systems where the primary control can 

regulate the controlled variables around command points and the secondary control can 

manipulate these commands for better trajectory tracking. In such a cascade system the 

regulation can be separated from the command optimisation with primary and 

secondary controls set to different regimes and control at different speeds. 

Although both options can be developed into either Single Input-Single Output (SISO) 

or Multi-Input and Multi-Output (MIMO) control systems, internal controllers from 

manufacturers are usually based on the SISO design and tuned only for a single control 

variable. SISO design may be sufficient for the cases where the individual controls are 

near ‘optimal’ on their own, and variables under control in the system are relatively 

uncoupled. 

The built-in SISO controllers will not be able to coordinate several individual actuators 

and control all outputs coherently to meet the overall SCS objectives as a whole in the 

feedback control system. With the presence of interactions the overall system stability 

and control performance can be severely compromised. Similar to linearity, interactions 

in a real system may depend on the system operating conditions. Within power systems, 

planned or unplanned outages may change the interactions between control variables 

and this can be fairly rapid and severe. In these cases, the control systems designed 

based on the SISO approach will be challenged. 
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For the SCS research, it is desired to investigate the feasibility of a control system that 

can take care of the needs of all control systems such as those of SVC, TCSC and the 

HVDC link with their associated POD control, at the same time and under the same 

framework to make the control from various actuators in the system to be coherent. 

Therefore, a MIMO control design approach would be required in order to meet these 

objectives. The MIMO controller used for SCS is desired to address simultaneously the 

issues of: 

 Stability  

 Coordination 

 Optimisation 

Both single-level and cascade control systems can be designed for either SISO or 

MIMO systems. For the SCS MIMO feedback control system, if using the single-level 

control, the built-in controllers would need to be replaced by the corresponding part of 

the MIMO controller, while for cascade control, secondary control could be developed 

directly to be part of the MIMO controller. 

5.2.3  Multivariable feedback control system overview 

The dynamics of actuators can either be considered as part of the Controller or 

combined together with the rest of the power system in the block diagram shown below 

in Figure 5.1.  In this block diagram: 

 yi0, are set-points of respective controlled variables. 

 yi, is the actual controlled variables (e.g. power flow on circuits i, or voltage on 

bus i). 

 ui, the controlling variables in channel i.  
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Figure 5.1: Structure of MIMO controller 

 

The multivariable controller is represented by the block Controller and the system 

dynamics are represented as Pij (with or without actuator dynamics).   The block 

diagram shown in Figure 5.1 is a 2x2 MIMO system and input/output variables and 

control variables are expressed in vectors as (y) and (u). The corresponding state 

transition functions are matrices with appropriate dimensions. 

5.3 Multi-variable control system design methods 

There are two main approaches in the design of a multivariable control system; the non-

parametric control system design method and the parametric (model-based) control 

system design method. In contrast to the parametric approach, one clear advantage of 

the non-parametric approach is that the complexity and dimensions of the problems do 

not increase with the size of the network and details of dynamic models represented in 

the analysis.  

Based on the time domain approach, Åström has introduced a class of sampled integral 

regulators and ensured stability of the closed loop systems with their designs in a series 

of developments [148][149][150]. These design methods are developed for unknown 

systems and it is based on the system open loop step responses. This approach therefore 

is termed as ‘non-parametric’, which is in contrast to any model based or ‘parametric’ 

methods. Since the models are non-structural time responses, these algorithms can be 

applied to the design of control systems for large, nonlinear and complex power systems 
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without any need to simplify the model. However, the trade-off to the dimensionality in 

the non-parametric approach is the length of the time series that would be needed to 

capture a dynamic process. For a parametric approach, when stability is obtained using 

system simplification, it is critical to justify the validity of a reduced model to the 

original system, while in the non-parametric time response approach an estimate of the 

truncation errors can be established with relative ease. Between these two 

approximations, quantifying the impacts of structural simplification can often be a more 

open problem than formulating the truncation error from a well-constructed sequence.  

The ‘black box’ or ‘input-output’ approach adopted in the feedback control system 

design has been a traditional engineering practice.  For example, the Nyquist theorem is 

the foundation of stability analysis for linear systems based on the frequency domain 

analysis. Successes were achieved in 1960-80’s in generalising the Nyquist method 

from SISO to MIMO [151]. However, the time domain approach has been attracting 

more attention due to its suitability to direct computer implementation. 

Also, compared to the frequency domain analysis approach, such as modal analysis/ 

pole placement or the state feedback algorithms, which are often used for PSS tuning, 

the time domain design approach is more suitable for computer implementation and 

results can be directly interpreted to meet the GB SQSS [15]. 

In this research the proposed SCS should be able to be applied to the full GB system 

with its full dynamic model representation. Therefore, a non-parametric approach is 

chosen here. 

Åström’s work has been extended by many researchers, particularly Lu and Kumar 

[149] and Mossaheb [150]. Later it has been extended to MIMO controller for non-

monotonic and uncertain systems.  

Developments of the aforementioned Sampled Regulators have paved a novel approach 

to the designs of computer controlled systems, achieving both stability and optimality 

by exploring the time domain input and output properties of an unknown system. In 

addition, discrete control laws are more applicable to the computer control system 

design. In order to coordinate several different types of actuator devices with their 

internal control systems in the GB transmission system, the system control would 
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require a computerised system controller to command the individual actuators. Also, 

this system controller must be designed in view of the GB transmission system in its 

entirety.   

 In this research, the main focus has been on the control of automatic devices such as the 

SVC, HVDC link and TCSC, which will be commissioned to deliver the solutions to the 

GBSO ‘2020 Gone Green scenario’ [6][152]. The full GB transmission system model 

will be used in the study to investigate the feasibility and capability of this non-

parametric approach for the feedback control system design, which will form the core of 

the overall SCS strategy. 

The overall SCS development would also need to be fitted into the existing GBSO 

control system, computer systems, and the communication framework. The existing 

IEMS system is situated at the Electricity National Control Centre (ENCC) and system 

operation is via a centralised control system. Therefore, the SCS setup is also lined up 

with a centralised control strategy. The alternative of a decentralised control system is 

beyond the scope of the current research.  

5.4 Theory of  the multi-variable Sampled Regulator control 

design method   

This section will introduce the fundamental techniques of a stabilising Sample 

Regulator (SR) control system design method. The non-parametric approach applied to 

the power system coordination problem is a sampled Multi-variable control law, which 

is based on the principle of a passivity energy system to ensure the closed loop system 

stability [148][150]. The SR controller algorithm, which is explained below, is 

particularly formulated for computer implementation.  

5.4.1 Introduction  

With slight extensions from the original integral sampled regulators, the general form of 

the feedback control law that we shall explore further can be written as follows: 

 

-r)T)b(rT) u((ne(nT)ΔCe(nT)CΔe(nT)+C(nT)=u
n

r=
DIP 

1

2  (5.1) 
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Where T)(nT)-y((n)(ye(nT) 0 , 

)T)((ne(e(nT)-Δe(nT) 1  

)T)((ne)T)((ne(e(nT)-e(nT)Δ 2122  . 

It is clear that this class of Sampled Regulators is an extension of the traditional PID 

control law (in the discrete form) where it is essential to incorporate additional control 

terms of un in order to achieve both stability and dynamic performance in this 

formulation. In essence, stability of this class of Sampled Regulators is achieved 

through the construction of the invertible sequences of the closed loop system transfer 

function. 

This Chapter mainly focuses on the theories of this class of Sampled Regulators. We 

shall review the stability design method, which was established originally for a class of 

generalised integral regulators [148][149][150] . Following that the applications of this 

class of Sampled Regulators to the power systems will be presented in the second part 

of this Chapter. 

5.4.2 Assumption, notations and definitions 

Consider a stable time invariant MIMO plant (P) and assume it can be linearised around 

the neighbourhood of its operating point [150][138] . 

The time response of this system is denoted as H(t)=(Hij(t)) R
m×m

, where Hij(t) is the 

step response of the i-th row and j-th column entry of H(t), with uj(t) and yi(t) as its 

input and output, respectively. uj(t) and yi(t) are j-th and i-th components of u(t), y(t) 

R
m
. 

Since (P) is assumed to be stable and can be linearised at its operating point for the 

linearised system, its step response is bounded exponentially. In terms of a pair of 

parameters K, β>0, and with any matrix norm defined on R
m×m

 that is induced from the 

measure of linear vectors defined in R
m
, this bound can be expressed 

as 0),exp()()(  ttKHtH  . 
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The relationship between the output and the input of the linearised plant can be 

expressed in terms of the system impulse response, h, 

as 



0

)()()(*)()( dsstushtuthty , where ‘*’ denotes the convolution operator. 

In the discrete form with the sampling rate of T, as shown, in the Åström work [148], 

this input-output relationship of a linear system can be written in terms of its unit step 

response: 

((n-r)T)u(rT) ΔH(nT)=y
n

r=


1

 (5.2) 

where n=0, 1, 2, ..., ΔH(rT)=H(rT)-H((r-1)T) with H(rT)=0 for r0. The input vector 

u(t) is defined as:   





 )T)[nT, (n+(nT), tu

, t<
(t)=u

1

00
 (5.3) 

Since the sampling rate (T) is a fixed parameter, it is therefore dropped for simplicity. In 

the sampling signal sequences, numerating subscripts are used instead of the time 

argument in the subsequent development in this Chapter. For example; (5.1) and (5.2) 

can be rewritten more concisely as:  n-rr

n

r=
nDnInPn  ubeΔCeC+ΔeC=u 

1

2
  and 

rnr

n

r=
n u ΔH=y 

1

.  

In these equations u and y are vectors, and parameter matrices C’s and b’s have 

compatible dimensions.  

The linearity of the model implied in the unit step responses of {Hn} can be understood 

as the result of the linearisation around an operating point of a nonlinear system. Curly 

bracket {.} denotes either a truncated or an infinite sequence of time series with its 

elements at a particular time instance of proper dimensions. In the case of a power 

transmission system, a full system model may contain any dynamic and nonlinear 

characteristics of generators and control devices (including both controllers and 
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actuators). At a feasible operating point, the conditions required for linearisation must 

be clearly satisfied. 

Stability in this Chapter is defined in the sense of Lyapunov. For non-linear systems, the 

stability conditions required in the design ensures the ‘bounded-input and bounded-

output’ stability of the closed loop system. When a power system is subject to a short 

circuit fault with the subsequent fault clearance, the disturbance is of finite energy, 

hence is a bounded input in that sense.  

5.4.3 Stability of the Sampled Integral Regulators 

Chronologically, three design approaches that we are most interested in have been 

developed by Åström in 1980, Lu and Kumar in 1984, and Mossaheb in 1987 

respectively. The closed loop stability has been proved for a class of linear integral 

regulators in this sequence of developments. 

Since the development by Lu and Kumar established a general form, where the 

originating work of Åström can be included as a special case, this approach ensures 

overall system stability by requiring all roots of the Z-transform of the closed loop 

character equations to be bounded within the unit disk on the Z-plane. 

The design method by Mossaheb is based on a less conservative approach where system 

passivity is established, which is referred to as passivity method in this Chapter [150]. 

In a particular parameter selection, further optimisation can be achieved; this is 

explained further in section 5.4.4.  

5.4.4 Passivity method 

For the class of Sampled Integral Regulators in the form of (5.4), Mossaheb [150] has 

developed a design method that ensures system stability by making the closed loop 

system ‘passive’ [150]. 

ub)+y-y(C=u rnr

n

r=
nnn 

0

0  (5.4) 

Lemma 1: Passivity Design - Stability Theorem  
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It has been established that with the selection of the parameter sequence {bn} such 

that ),  (nφH=Cb, =b nnn 100  , then from (5.2) and (5.4) the closed loop transfer 

functions uy 
0

can be obtained as Cy=*u
0

 , where 1,  n}φ={φ
n

 . Furthermore, 

if {φn} is selected to be a convex sequence and Σφn converges, then   is a strictly 

passive operator. Consequently, the closed loop system that maps yy 
0

 is stable. It is 

important to note that the sequence {φn} is termed to be convex if each φn is real 

symmetric positive semi-definite (r.s.p.s.d.) and satisfies φn -2φn+1+ φn+20. This has 

been established in [150].  

From this theorem, the design objective for this class of Sampled Integral Regulators is 

therefore to select a parameter sequence {bn} to make the sequence 

),  (nbHC nn 1 be equal to the pre-defined sequence {φn}, which is both convex 

and convergent. One simple example of such a convex sequence {φn} is the sequence of 

a real symmetric positive semi-definite matrix {A, A
2
, ..., A

N
, ...} with A<I. By selecting 

φn=A
n
, the closed loop system that is described by φ  is then passive.  

Property 1: Passivity Design – Zero-Steady-State Criterion  

For the selection of the controller parameters {bn} as in Lemma 1 and for a convex 

sequence {φn}, the Sampled Regulator in  (5.4) will guarantee the zero-steady-state of 

the closed loop system given by (5.2) when it is subject to a constant step change, if 

parameter C satisfies  
1

1







 )HφC=(I
n

n . 

Remark: With the choice of {φn}={A
n
}, this condition then is reduced to  

C=(I-A)
-1   

(H∞ )
 -1

. 

Property 2:  Passivity Design – Integrator 

For the selection of parameters {bn} as in Lemma 1, 
1

1







 )HφC=(I
n

n  is equivalent 

to Ib
n

n 


0

.  In fact Ib
n

n 


0

 is the integral operator in the discrete form. 
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Proof: Sum up the sequence {bn} with its definition in Lemma 1 then applies the 

expression of C of Property 1, the equality of the sum yields Property 2. 

The optimisation of the Passivity design is based on a further Property of Lemma 1, 

which also helps to the understanding of this control law. 

Property 3: Passivity Design – A Two-step Control Law 

For a linear system of (5.2) and the Sampled Regulator of (5.4) that is designed using 

the passivity algorithm with the selection of φn=A
n
, the control signal to track a constant 

step response is a two-step control action: 



















1

0

01

011

, ny  H

, nyHA)(I
=u n  (5.5) 

Proof: Write out term by term from the definition of the control sequence {un} in (5.4), 

and note the assumption on causality of the plant P, one obtains the above result. 

There is still a degree of freedom in this design, and the value of A is yet to be 

determined.  Based on the parameters selected as outlined in Lemma 1 and property 1 

and property 3, Mossaheb has established the following algorithm [150]. 

Algorithm 1: Passivity Design - Optimisation  

Assume that for a linear system in (5.2) under the control of the Sampled regulator in 

(5.3) that is designed using Lemma 1 and property 1 and property 3, then when it is 

subject to a constant step input y
0
, the system mean square tracking error nn

n=

y-y0
2

1



 

can be minimised in terms of its trace operator by choosing A=I-B
-1

, with B>I being the 

solution of the matrix Lyapunov equation: 

 

)KΩ+KΩB=-(+KKB T   (5.6) 

Where 
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)H(HΔH=Ω 

H=HK 

)ΔHΔH(=Γ 

n-
T
n

N

n=

T

n
T
n

N

n=









1
1

1

 (5.7) 

The derivation of this algorithm is given in [150]. 

It is also important to note that the optimal solution may not always satisfy A<I in this 

calculation. The existence of an optimal solution however does not affect stability. For 

stability, sequence {φn} only needs to satisfy conditions of Lemma 1. When an optimal 

solution exists, this choice of A ensures both stability and the optimal error tracking, 

hence to achieve the better performance that is featured by decoupling and improved 

damping.  

5.4.5 Algorithm and theorem of passivity design method   

The steps for the Passivity design method can be summarised as follows and shown in 

Figure 5.2: 

1. Choose a sampling control period T and obtain the unit step responses of {Hn} 

2. Truncate time series sequence at the N
th

 term; 

3. Obtain an optimal real symmetric positive semi-definite parameter matrix A, 

according to following equation : 

 

 

 
4. Calculate C= (I-A)

-1 
(H∞)

 -1 
to ensure the zero-error and de-coupled steady state. 

5. Calculate {bn} with b0=0, bn= CΔ Hn-A
n
, n1.  

6. Then implement the control law of (5.4).  

1

1
1

1






















  )HH(H)HH(HA

n
nnn

n
n 



Chapter 5. Principle of the Sample Regulator control 

94 

 

Start

Choose a T, H(nT) 

truncated at Nth term

Solve the Lyapunov 

equation to obtain B

B>I

Obtain parameter A

Calculate parameter C 

and bn

Calculate control 

law u(t)

Y

Compensation 

required for 

optimal 

solution

N

 

Figure 5.2: Algorithm of Sample Regular design method 

 

5.4.6 Discussion on main features of the SR control. 

As for any non-parametric approaches in general, in the design of this class of Sampled 

Regulators the dimension of the control system is only determined by the number of the 

controlled variables rather than that of the state variables in the system. In a HV 

transmission system, there can be as many as several thousand  state variables, while 

there are only a few stabilising control devices, such as HVDC link, TCSC and  phase 

shifters. Therefore, the number of controlled variables of these devices is not in excess 

of dozens.   

In contrast to the heuristic PID design methods, the stability of the closed-loop control 

system with the proposed regulator is guaranteed meanwhile, the minimal interaction 

and optimal responses during transient periods are achieved by the optimisation in terms 

of the system tracking errors. 
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Stability of the design is independent of the sampling time. However, control can be 

realistically implemented by a proper choice of the sampling time T in order to refrain 

the control signal to be within the physical limits of actuating devices. However, the 

larger the sampling time, the more sluggish the control is.  

Also, this algorithm could be further developed into an adaptive self-tuning on-line 

control algorithm. The self-tuning implementation of this regulator is to address 

changes in operating conditions and system configurations. It is noted that although the 

requirement of an open loop system time response implies the open-loop stability of the 

system, this does not limit this class of regulator to be useful to the power system 

control, since the intact power systems should be stable at a physically feasible 

operating point even without the flow control.  

5.5 Comparison of the linear characteristics of the actuators 

under control  

The controller behind the actuator sees the plant model through these actuators. If the 

plant model is compensated by these actuators to become linear, the linear system 

design techniques can be applied. If the linearity holds for a wide operating range, the 

linear control design can be expected to be robust through the entire operating range. 

For the research into whether the control system development is the best fit for these 

actuators, in this section, the linearity of the systems under the control of the TCSC, the 

HVDC link and SVC are investigated and compared which reveals essential information 

that forms the basis of our control system design. To investigate this, the SMIB test 

system 1, test system 3 and test system 5 introduced in Chapter 3 are used respectively. 

5.5.1 Characteristics of  the TCSC as an actuator  

Under the TCSC control, in test system 1, if we inject a step input of XI in a regular 

incremental level into the system, we can obtain the step responses in power flow of the 

system under the TCSC control. It is observed in the study for the TCSC case, as 

presented in Figure 5.3, when the step change of XI decreased from 18 Ohm to 13 Ohm 

in the regular steps of 2 Ohm, the power flows on the controlled circuit show increasing 

nonlinearities. (The base case start from XI=20 Ohm) 
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Figure 5.3: TCSC step response 
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5.5.2 Characteristics of the HVDC link as an actuator  

In the case of the HVDC link, using the test system 3, we inject the step changes to the 

power set-point of HVDC link and obtained the step responses of power flow on the 

HVDC link as shown in Figure 5.4. Starting from the current operating point of 

500MW, increasing up to 1000MW. The results show a consistent linear behaviour. 

When the power on the HVDC link is decreasing, the nonlinear characteristic starts to 

appear when the flow is decreased below 300MW. Please note that, this is an 

observation based on the simulation results, not a generic conclusion. 
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Figure 5.4: HVDC link step response 

 

5.5.3  Characteristics of  the SVC as an actuator  

The relation between V and B is approximately linear. As shown in (5.8) as long as it is 

within the droop characteristic range. 

Q=BV
2
  (5.8) 

Figure 5.5 shows that the change of reactive power, voltage and B of the SVC are 

reasonably linear within the normal voltage regulating range of the device. 
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Figure 5.5: SVC step response 

 

5.6 Implications to the stability control system design 

The HVDC link as an actuator for the flow regulation can provide a wider linear range 

of operating points than that of the TCSC. This implies that the control design using the 

HVDC as an actuator can be more robust for the wider operating ranges without 

needing to retune the parameters. In fact the linear behaviour presents over the entire 

increasing operating range of this type of HVDC link. Some preliminary work has 

demonstrated the advantages due to the HVDC link linearising property in our proposed 

Stability Control System post-fault strategy.   Also, a characteristic of the SVC, within 

the designed range of voltage regulation, shows a good linear relationship between 

susceptance (B) and voltage at the controlled bus.  

5.7 Considerations affecting the stability control system 

For a fault that has occurred directly on the equipment in the primary part of the 

transmission system e.g. on the HVDC link, it is clear the feedback control system 

would no longer be capable of functioning as designed. These cases would be 

considered in the overall SCS and secured by the special protection actions.  
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5.8 Application of SISO SR control in the stability 

enhancement  

Two study cases are presented in this section (study case 1 and study case 2). The first 

study case demonstrates the performance of the SISO SR control for the TCSC and the 

second study case shows the performance of SISO SR control for the HVDC link. 

5.8.1 Development of a SISO SR control for the TCSC power flow control 

(Study case 1) 

As previously explained in Chapter 4.7.2, interfacing between Matlab and 

PowerFactory allows the full exploitation of both packages’ capabilities. As a result the 

various control functions available in the Matlab program can be implemented with the 

fast and powerful modelling and simulation capability of the PowerFactory simulation 

tool. In fact, the model or codes in Matlab/Simulink represent the model and algorithms 

of the external controllers while the PowerFactory model represents the power system. 

In this research, the interface capability of Matlab and PowerFactory is implemented for 

the design of the MIMO SR controller. The overall structure of the interface for the SR 

controller design is presented in Figure 5.6.  Since there is no continuous dynamic 

model in the SR control law, Simulink is not required in the simulation. The discrete SR 

control algorithm is implemented in an m-file. The definition of all the required 

variables, inputs and outputs are critical in interfacing Matlab with PowerFactory and a 

single common definition block in PowerFactory defines all signals as shown in 

Figure5.6. The Matlab control slot shown in Figure 5.6 represents the external SR 

controller in PowerFactory’s composite model. This slot defines all inputs from the 

power system in PowerFactory to the controller in Matlab, which in this case is active 

power (P) on the TCSC line, and outputs from the Matlab controller back to 

PowerFactory, which in this case is XI as depicted in Figure 5.6. In addition, a counter 

(t) is required to coordinate the simulation steps between PowerFactory and Matlab. 
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Figure 5.6: Structure of the Interface for SR Control design in PowerFactory 

 

5.8.1.1 Open-loop step response for design of SR controller 

For the design of the SR controller, only the knowledge of the open-loop unit step 

response is required. In this example, the open-loop unit step response is obtained at the 

steady state operating point with a sampling rate (T) selected to be T=0.01s and then the 

open-loop response is truncated at N=2000. 

 It is noted that although the stability of the design is independent of T, the magnitude of 

the control signal is related to T. Therefore, the physical limitation of the actuator can 

be met by the correct selection of T. An open-loop unit response informs how much the 

output of the open loop system will change when the input changes by 1 of whatever the 

appropriate physical unit. In this example, where the TCSC is acting as an actuator in 

the closed loop control system, the control variable is the reactance of the TCR branch 

and the system output is the active power on the TCSC line. In fact the active power on 

the AC line is regulated by varying the reactance of the series reactor. In practical 

application, the Least Square Method can be implemented along with introducing a 

Pseudo Random Binary Sequence (PRBS) signal in order to update the system open-

loop step response continuously without interrupting the normal closed loop operation 

[153]. In this study the open-loop step response of the system (Matrix H), depicted in 
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Figure 5.7, is simply obtained by sampling the active power on the TCSC line when the 

reactance of the TCSC (XI) increases by 1 Ohm.  
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Figure 5.7: Unit step Response of the TCSC line for SR Controller Design 

5.8.1.2 Test system 

A SMIB test system1 shown in Figure 4.4 is used for this study case. In this model, as 

explained in detail in Chapter 3, one of the AC lines is equipped with a TCSC, where 

the initial FSC is 30% of the total line reactance. The TCSC can provide up to 75% 

compensation to the total reactance of a single line route by changing the reactance of 

the TCR. In this study case, the performance of the SISO SR controller for the TCSC 

line is compared with the PI controller. In fact, the designed SR controller provides the 

control signal (XI, reactance of TCR branch) in the case when the SR controller is used 

for regulating the power on the TCSC line. Therefore, the active power flow of the 

TCSC line is the controlled variable, which is fed back to the SR controller for 

modulating the TCSC’s reactance. 

5.8.1.3 Simulation results and analysis on study case 1 

A comparison study is performed between the PI controller as an internal controller and 

the SR controller as an externally designed controller using the Matlab interface. The 

available PI controller block in PowerFactory was used for the model of the PI 

controller, whereas for the SR controller, which is a user defined controller, it is 

implemented using Matlab. It is important to note that both PI and SR controller are 

optimised and their performances are compared when both are working to their 
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optimised parameters. The selected optimal tuning parameters for PI controller are 

shown in Appendix C. 

  In both cases the TCSC physical limits are included. A small change of the TCSC set-

point (Pref) at t=100ms as shown in Figure 5.8.b   was applied to avoid exceeding the 

limit of the TCSC reactance. Following the change of the set-point (Pref), the error 

between measurement and set-point becomes non-zero. The SR as a controller tries to 

minimise the error between the measured power on the TCSC line and the set-point by 

regulating the reactance of the TCR branch. Hence, the controller calculates the optimal 

control signal (XI) at each simulation step (every 10ms) in Matlab for the best dynamic 

tracking of the set-point. Consequently, a change of the TCSC’s reactance, in this 

instance, results in increasing the power on the TCSC line by roughly 10 MW. The 

results in Figure 5.8 show the difference in performance of both controllers in 

generating the control signal. It can be seen in Figure 5.8.a that the SR generates one 

control signal immediately after the change of the set-point whereas the PI controller 

shows more control effort in the subsequent oscillations. Therefore, the XI is more 

oscillatory using the PI compared to the SR controller. Although the PI controller can 

provide tighter control, in terms of reference tracking, on the line under the TCSC 

control, it can be seen from Figure 5.9 and Figure 5.8.d that the SR controller provides 

better performance with regards to the overall system stability. It is evident in Figure 

5.8.c  that following the change in set-point of the TCSC line, the degree of oscillation 

induced in the other lines in the system, which are not under control of  any controller, 

such as line 3,  is significantly less  when the SR controller is implemented. Also, less 

voltage variation at the TCSC busbar is observed using the SR controller as presented in 

Figure 5.8.d. 
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Figure 5.8: Comparison of SR and PI controller Performance 

In addition, as presented in Figure 5.9, one can see that the rotor angle oscillation, 

which is a good indicator of system stability, has greater dampening when the SR 

controller is implemented instead of the conventional PI controller. All the simulation 

results demonstrate and propose that, stability wise, the SR controller, when considering 

the stability of whole system, offers better stability performance in comparison to the PI 

controller. 
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 Figure 5.9: Comparison of SR and PI Controller Performance 
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5.8.2 Development of SISO SR controller for  the HVDC link power flow 

control (Study case 2)  

Two sets of tests are carried out to investigate the performance of the SISO SR control 

for the HVDC link in this section as follows: 

 At pre-fault: under normal operating conditions a step change is applied 

to the HVDC Link. 

 At post-fault:  when a 100ms, 3-ph fault occurred on one of the two AC 

transmission lines, and followed by the fault clearance of the faulted line. 

The first test is to investigate the impact of the controller by varying the SR control 

parameters, and the robustness of the SR controller for using the HVDC link as an 

actuator for flow control; while the second is to test the SR controller design for its fault 

regulation capabilities, under the proposed transient stability control strategy. 

The integration step size of the simulation is 10ms, and the open loop time responses 

are truncated at 30s of the simulation.  

5.8.2.1 Test system 

In study case 2, also the SMIB test system 3 with initial transfer level of 1.3 GW 

including 500MW power flow on the HVDC link, as shown in Figure 3.8 in Chapter 3,  

is set up to investigate and examine the performance of the SISO SR controller for the 

HVDC links power flow control. The initial state of the system at pre-fault in presented 

in Figure 5.10. 

 

Figure 5.10: Concept proving PowerFactory SMIB test model 3 for  study case 2 
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5.8.2.2 Overall structure of the secondary SISO SR controller for the 

 HVDC link
The overall structure and framework of the SISO SR controller for a CSC-HVDC link is 

depicted schematically in Figure 5.11. The PowerFactory to Matlab interface facility 

has been used to extend the capability of PowerFactory for the design of the SISO SR 

controller. The Matlab SR control slot shown in Figure 5.10 represents the externally 

designed SISO SR controller, which provides the calculated control signal (U1) to the 

HVDC link to track the new set-points and the PowerFactory model represents the 

power system. The control of the bipole set-point can be set under a single command 

point. 
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Figure 5.11: Structure of  interface for the SISO SR control design for the HVDC link in PF  

5.8.2.3 Simulation results and analysis on study case 2 

Figure 5.12 presents the dynamic response of the system at pre-fault following a step 

change applied to the HVDC links set-point from 500MW to 900 MW. It is important to 

note that in this example the HVDC model is rated at 1000MW.  

Also, in this study the impact of the SISO SR controller with various sampling time 

rates (T) on the system response is investigated. It is important to note that the 

integration step size for all the simulations in all study cases is 10ms and the open loop 

time responses are truncated at 30s of the simulation. 

The power flow on the HVDC link is shown in Figure 5.12.a where the black line is the 

set-point of the HVDC links control and the red curve is the time response of the 

primary internal control system of the HVDC link without cascade control. The other 

curves show the response of the HVDC link under the SR control with various sampling 

control rates including 10 ms, 20 ms, 50 ms and 80ms. 
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It has been noticed that with the internal PI control, there is a small steady state error in 

set-point tracking when the terminal voltages at the HVDC link end-buses deviate from 

unity.  However, with the SR cascade control this steady state error is eliminated, as 

shown in Figure 5.12.a. This is because; PI controls Iorder rather than Porder whereas SR 

design controls Porder. Also SR controller guarantees zero steady state by selection of 

parameters “C” as given in property 1 section 5.4.4. 

In fact, Figure 5.12.a shows the optimality of the SR control designed to minimise the 

sum of the squares of the tracking errors between the set-point and the controlled 

variable of the HVDC link, which is the power flow on the HVDC link. Although, the 

squares of the errors are smaller under the SR control with 10ms sampling control rate 

compared with the dynamic response of the HVDC internal control, the first overshot is 

higher.  As a compromise, the SR control with a slower sampling control rate of 80ms 

gives much less overshot. 
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Figure 5.12: Dynamic time responses of the system following a step change to the HVDC link 

under control of a SISO SR design with different sampling rate. 
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Additionally, Figure 5.12.c shows the control signals of the SR controller with the same 

sampling control rates as before. From these results, it is evident that the SR control can 

be adjusted to produce different levels of control, suitable for the control system 

performance requirement, while meeting the physical limit of the actuating device. 

 Moreover, Figure 5.12.b and Figure 5.12.d illustrate the power flows on line 3 and 

generator1’s rotor angle swings respectively, which show that the SISO SR and PI 

performance is very similar, especially when 80ms sampling is applied. 

It is worth pointing out that the stability of the system under the SR control is guaranteed, 

as long as the system is sufficiently linear with respect to the operating point where the 

open-loop step responses of the system was measured. In the case of the HVDC link 

acting as an actuator, the linearity between the input power set-point and its controlled 

variable, which is the HVDC links power flow, carries over the entire HVDC designed 

transmission level range, as described in Section 5.4.2 

Figure 5.13 presents the dynamic response of the system at post-fault, with the HVDC 

link  controlled by an internal PI controller or the cascade SISO SR control using the SR 

sampling control rate of 80ms when a three-phase fault occurred on one of the AC lines, 

followed by the fault clearance at 100ms. This study is to examine the robustness of the 

SR controller for the power flow control on the HVDC link during the fault occurrence. 

From the power flow on the HVDC link, shown in Figure 5.13.a, it is clear that not only 

does the SR controller remain robust in tracking the set-point at post-fault, but also the 

performance of the SISO SR cascade controller is marginally better than the internal PI 

controller, which implies that the SR controller can be implemented for the HVDC links 

set-point adoption at post-fault for stability enhancement. In addition, from both, the 

power flow on the remaining AC transmission line (Figure 5.13.b) and the generator1 

rotor angle swing (Figure 5.13.d), it can be seen that under the SR cascade control the 

post-fault system is slightly better damped and more stable. Also, it is found that when 

the control sampling rate of the SR controller increases beyond 80ms the optimal solution 

of the SR passive design no longer exists, nevertheless the power series that is chosen for 

the passivity can still be fixed to B>I, to reserve the stability that is required in this 

design approach. 

 



Chapter 5. Principle of the Sample Regulator control 

 
108 

0 0.5 1 1.5 2

0

200

400

600

800

1000

1200

1400

Time(s)

A
ct

iv
e 

P
o

w
er

(M
W

)

 

 

SISO PI Control - Post Fault

HVDC Link Porder

SISO SR control -Post Fault

a) Active Power on HVDC Link

0 1 2 3 4 5 6 7 8
-1500

-1000

-500

0

500

Time(s)

A
ct

iv
e 

P
o

w
er

(M
W

)

b) Active Power on Line 3

0 0.5 1 1.5 2
0

500

1000

1500

2000

Time(s)

C
o
n
tr

o
l 

S
ig

n
al

 (
M

W
)

c) Control Signal

0 1 2 3 4 5 6 7 8

0

20

40

60

80

100

120

Time(s)

R
o
to

r 
A

n
g
le

 (
d
eg

)

d) Gen1 Rotor Angle

 

Figure 5.13: Dynamic time responses of the system at post-fault with HVDC link under 

controls of internal PI controller or the cascade SISO SR control with sampling rate of 80ms 

 

5.9 Application of MIMO SR control for coordinated control 

of power flow and voltage control devices  

Three power system applications of the MIMO SR controller design are demonstrated in 

three study cases. The first study case demonstrates the coordination of two TCSC lines 

using MIMO SR control as a primary control. The second study case demonstrates the 

coordinated control of multiple HVDC links using MIMO SR control as secondary 

control. Finally, the last study case shows the coordination of the HVDC link and SVC 

control. 

5.9.1 Development of MIMO  SR control for coordinated control of two 

TCSC lines (Study case 3)  

5.9.1.1 Test System  

The test system 2, depicted in Figure 5.14, with two parallel TCSC lines, is set up to 

demonstrate the performance and capability of a MIMO SR controller in the 

coordinated control of two TCSC lines in order to enhance system stability. 

 The test system consists of two AC lines in parallel with two TCSC lines. The TCSC 

lines have an initial FSC of 30%. The TCR branch of the TCSC lines can produce up to 
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75% compensation to the total reactance of a single line route.  Further details of the test 

system characteristic are described in Section 3.6.2. The initial state of the pre-fault 

system can be read from power flow in Figure 5.14. 

 

Figure 5.14: Concept proving PowerFactory SMIB test model for study case 3 

 

 

5.9.1.2 Simulation results and analysis on study case 3 

Figure 5.16 illustrates the dynamic response of the system when a small change to the 

set-point (Pref) of the TCSC line1 is applied. The power on the TCSC line 1 increased 

from 770MW to 800MW at t=100ms. As presented in Figure 5.16, it is evident that the 

power on the TCSC line1 is increased by 30MW at t=100ms. Following the change of 

set-point (Pref) of TCSC line 1, the error between the measurement and the set-point 

become non-zero and the MIMO SR, as a controller tries to minimise the error between 

measured power on the TCSC line1 and its set-point by regulating the reactance of the 

TCR branch. Hence, the controller calculates the optimal control signal (XI) at each 

simulation step for the best dynamic tracking of the set-point. Also, in the following 

simulation results, comparison of the MIMO SR performance and the SISO PI 

controllers is presented. To do so, another SMIB model is set up and two individual PI 

controllers were implemented for the TCSC’s control, as shown in Figure 5.15, instead 

of a MIMO SR controller. Figure 5.16.b shows the change of reactance of TCSC line 1 

(XI) following the change of its set-point. 
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Figure 5.15: Individual SISO PI controller for each TCSC line 

The SR provides the new values of XI at each simulation step by calculating the optimal 

control signal in the Matlab platform. Consequently, change of the TCSC’s reactance 

results in regulating the power flow on the TCSC line 1. It can be seen that XI varies 

from initial reactance of 20 Ohm to 19 Ohm to alter the power on the TCSC line from 

770 MW to 800MW.  It is evident in Figure 5.16.b that the MIMO SR controller 

changes the control variable (XI) much quicker with less oscillation than the SISO PI 

controller. However, as presented in Figure 5.16.a, the SISO PI controller manages to 

track the set-point and consequently the power on the line under its control quicker and 

smoother than the MIMO SR controller. 
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Figure 5.16: Performance comparison of SISO PI control vs. MIMO SR control for TCSC power flow control 
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This is mainly due to the fact that the main objective of the PI controller is to control 

power in the line under its control and does not consider the effect on the rest of the 

system. Although, the SISO PI controller demonstrated slightly better set-point 

tracking on the line under its control, it can be seen from Figure 5.15.c and Figure 

5.15.d that the MIMO SR controller provides better performance with regards to the 

overall system stability. For example, it can be seen from Figure 5.15.c that following 

the change of one of the TCSC lines set-point, the degree of the oscillation induced in 

the other lines in the system which are not under control of any controller, such as line 

3, is significantly less than when the SISO PI controller is implemented. In addition, as 

presented in Figure 5.15.d, we can see that the generator rotor angle oscillations, which 

are a good indicator of system stability, are considerably damped when the MIMO SR 

controller is implemented instead of the conventional SISO PI controller. All 

simulation results demonstrate the performance of the MIMO SR controller, which 

unlike the SISO PI controller is concerned with the stability of the whole system not 

only the line under its control. This is the reason why we observed better set-point 

tracking and fewer oscillations on the line under control in the case of the PI controller. 

However, the MIMO SR controller provides much better oscillation damping on the 

generator rotor angle. Therefore, stability wise, we can conclude that the MIMO SR 

controller, which considers the stability of the whole system, demonstrates better 

stability performance overall.  

5.9.1.3 Limitation of the SR controller for the TCSC line 

 Although, the above results are presented for a small change of set-point, various 

operational conditions have been studied to investigate the robustness of the SR 

controller for the TCSC power flow control.  The results of these simulations showed that 

the SR controller cannot provide robust control when the set-point changes more than 

100MW. Through the studies and investigating the source of this limitation of the SR in 

the control of the TCSC line, it was determined that this was due to the nonlinear 

characteristics of the TCSC, which was discussed in section 5.4.1 and shown in 

Figure5.3.  
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5.9.2 Development of the MIMO SR control for coordinated control of 

two HVDC links (Study case 4) 

For this study case the performance of the MIMO SR controller for the control of 

multiple HVDC links is investigated by conducting the following tests: 

 Pre-fault control: when a step change for one of the HVDC links is applied at 

 pre-fault. 

 Post-fault control: when a three-phase fault occurred on one of the AC lines 

 followed by fault clearance and post-fault action of both links after 100ms. 

The first test allows investigation into the capability of the MIMO SR controller for pre-

fault coordinated control of power flow devices such as the HVDC link, as well as 

exploring the impact of control by varying the SR control parameters such as the 

sampling rate (T). Whereas, the second test examines the capability of the MIMO SR 

controller design for a robust control following a short circuit fault. As aforementioned, 

the integration step size for all the simulations is 10ms and the open loop time responses 

are truncated at 30s of the simulation. 

5.9.2.1 Test System 

The SMIB test system 4, shown in Figure 5.17, is set up in PowerFactory to represent the 

transmission system connections between the North of England and Scotland. In this 

study, two HVDC links are connected in parallel and 1.3 W of power is transferred from 

Generator 1 to the load and each HVDC link carries 500MW of power. This test system is 

explained in detail in Chapter 3. 
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Figure 5.17: Concept proving PowerFactory SMIB test model 4 used for study case 4 

5.9.2.2 Overall structure of the secondary MIMO SR control for 

multiple HVDC links 

The overall structure and framework of the MIMO SR controller for the coordinated 

control of two HVDC links is illustrated schematically in Figure 5.18. Similar to the 

other presented study cases, the PowerFactory to Matlab interface facility has been used 

to extend the capability of PowerFactory for the design of the MIMO SR controller. The 

Matlab SR control slot shown in Figure 5.18 represents the externally designed MIMO 

SR controller, which provides calculated control signals (U1 and U2) to both HVDC 

links to track the new set-points, and the PowerFactory model represents the power 

system. It should be noted that the structure of the MIMO SR controller for the study 

case 3 is also similar to this case. 
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Figure 5.18: Structure of the Interface for the MIMO SR control design for two HVDC links 

in PowerFactory 

5.9.2.3 Simulation results and analysis on study case 4  

The results shown in Figure 5.19 represent the time domain responses of the HVDC 

control system when a step change is imposed on the HVDC link1’s set-point, while 

the second HVDC link remains at its original set-point of 500MW. 

Also, Figure 5.19.a and Figure 5.19.c show the power flows on HVDC link 1 and 

HVDC link 2 respectively where the black line is the set-point of the HVDC links and 

the red curve is the HVDC links’ power flow under the control of the internal PI 

controller with no cascade control. The green curve also shows the HVDC links’ power 

under SR cascade control with a 10ms sampling control rate, while the blue curve is 

that under the SR cascade control with a 80ms sampling control rate. In this case again 

there is a steady state error if the HVDC terminal voltage is not at nominal. 

Clearly it is seen that the interactions are significantly reduced with the MIMO SR 

controller in the case of the 80ms control rate.  The control signals of the MIMO SR 

cascade controls, with 10ms and 80ms sampling rate are presented in Figure 5.19. 
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Figure 5.19:  Per-fault coordinated control of the two-HVDC links following a step change on 

one of the HVDC links 

The generator1’s rotor angles, which reflects the impact of control on the system 

stability is shown in Figure 5.19.d. In this case there is no significant difference in 

performance of the MIMO SR controller compared to that of the internal PI controller 

since the internal PI controller is designed nearly to its optimum for the HVDC control 

system [138]. 

The results presented in Figure 5.20 show the dynamic response of the system at post-

fault. Also, the performance of the secondary MIMO SR control system is compared 

with the internal SISO PI control within the HVDC power control system, without the 

cascade control. 

The system is at the operating point where 1750MW is transferred from generator1 

side to a load at the infinite Bus side. A 100ms three-phase short circuit fault is applied 

to one of the AC lines. It was observed that the HVDC link has avoided the ‘blocking’ 

mode, and the voltage recovered soon after the fault is cleared. The set-points of both 

HVDC links are changed from the original 500MW to 800MW at this point to 

compensate the loss of the faulted AC line [138]. 
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Figure 5.20:  Post-fault control of the multiple HVDC links with the immediate increase of 

both HVDC links’ flows to enhance the system stability 

The HVDC links power flow presented in Figure 5.20.a shows a steady state error with 

the internally controlled HVDC link.  The control signals for both HVDC links and the 

power swing on line 2 are presented in Figure 5.20.b and Figure 5.19.c respectively. 

Also, the rotor angle swing of generator 1 is shown in Figure 5.20.d. 

At this operating point, the robust performance of the MIMO SR controller at post-fault   

can be clearly seen. Although during the fault ride-through period the system has been 

subjected to various stages of non-linear evolutions, the SR control design based on the 

linear time responses around the pre-fault operation point (500MW, in this case) has 

managed to robustly control the post-fault period. In addition, with the loss of one of the 

AC lines the system configuration has been significantly changed. However, this system 

change has been tolerated by the robustness of the SR control design method. Therefore, 

The SR controller remains robust to enhance the system stability by rapid tracking of 

the set-point change at post-fault.  
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5.9.3 Coordinated control of the HVDC link and SVC (Study case 5) 

The SVC and the embedded HVDC link are fast and automatically controlled devices. 

Both the SVC and the HVDC link can also incorporate additional POD functions to 

improve the system oscillation damping. However, the TCSC and the HVDC are 

primarily used for flow control purposes and the SVC for voltage regulation. 

As previously mentioned, the Anglo-Scottish boundary is such a critical transfer 

boundary in the GB transmission system and as a part of network reinforcement a new 

embedded HVDC link soon will be commissioned, along with existing SVC’s  that are 

equipped with POD control. Primarily, the HVDC embedded link in the GB 

transmission system is to tie the two parts of the weakly connected AC network together 

and to control the pre-fault flow and to enhance the boundary transfer capacity under  

normal operation; while at the immediate post-fault, its fast ramping dynamics and 

short-term capability (up to 110%) can be utilised to enhance transient stability. While 

the HVDC link provides fast ramping for taking on extra flow from the faulted AC 

circuits, the SVC can regulate within the statutory operation limits (±10% in the GB HV 

system) to support the voltage for post-fault actions. These post-fault control actions 

need to be carried out in transient time scales (i.e. in ms). 

The control of the HVDC link and SVC together under a MIMO feedback control 

would address two very different control variables, one is flow and the other is voltage 

while the interactions could be coupled through the rest of the transmission system. 

Therefore, the control objectives are for the SVC control to regulate the voltage profile, 

while for the HVDC link is to track the wide range of operating point changes, at both 

pre-fault and post-fault, rapidly and accurately, in order to provide stability control.  

The aim in study case 5 is to set up a framework and investigate the feasibility of a 

MIMO control approach that can control both the HVDC link and the SVC meeting 

their very different objectives within a single framework. 

In addition to the voltage regulation function, the SVC is also equipped with a POD for 

damping control. The damping control senses system oscillation from either frequency 

or power feedback. In the SMIB system presented in Figure 5.20, the power flows on 

the AC lines L1, L2, L3, L4, L5 and L6 are monitored by the POD, as is the case in the 

GB system on the west-side of the AC inter-connectors.   
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These two control systems, the HVDC link and SVC with POD control, if running 

separately, could have interactions with both of them trying to achieve their dynamic 

control objectives via the adjustment of power flows on the same set of boundary 

circuits.  

In this study, a MIMO controller is designed using the SR control design approach to 

provide a coordinated control for both the HVDC link and the SVC-POD.  

Since the HVDC link tends to control power flow and the SVC regulates voltage, in the 

non-parametric formulation, the SR controller is a 2×2 MIMO system, with the output 

variables and control variables expressed in vectors as (y) and (u), respectively. Clearly, 

the dimension of the control system is determined by the number of system input and 

output variables, rather than the number of state variables in the system. This can be 

advantageous when considering a full scale power transmission system, where it is 

common to have several thousands of state variables, due to the dynamics from both 

generators and the associated control systems. It is noticed that there is a small steady 

state error for the HVDC link when it is operated under its internal current control. 

Kundur suggested that for stability the high speed current control with a superimposed 

power control is preferable [22]. In this study, the MIMO control system of the HVDC 

link is placed in cascade with its internal control system, and power control is provided 

via the HVDC links internal power control set-point. In the case of the HVDC control, 

both the controlling and controlled variables are power flows whereas, the SVC control 

system controls voltage by varying the shunt Susceptance. The POD power feedback 

signal is superimposed on the voltage feedback signal.  

The HVDC link power control subsystem has much faster dynamics compared with the 

SVC voltage control subsystem. For a unit step change in the power control channel the 

step response settles in under 10s, while the step response in the voltage control channel 

can take about 50s to settle. 

5.9.3.1 Test system 

In the this study , the SMIB test model 5 with an initial transfer level of 2GW and 

500MW power on the HVDC link, as shown in Figure 5.21, is set up for the control of 

the HVDC link and SVC together under a single MIMO SR feedback control.  In this 

case, the controller would address two very different controlled variables, one is power 

flow and the other is voltage, while the interactions are coupled through the rest of the 
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transmission system. In this study case the performance of the MIMO SR controller for 

coordinated control of HVDC link and SVC is investigated at pre-fault by applying a 

change of set-point (Porder) by 100 MW. In this study, unlike in the HVDC links power 

controller, the PI controller within the SVC model is replaced by SRMIMO controller  

 

Figure 5.21: Concept proving PowerFactory SMIB test model for study case5 

and there is no cascade control in the SVC. The SVC control variable is B and the 

controlled variable is V (at a selected bus), and this defines the open-loop step response. 

This relation between V and B is ~ Q=BV
2
 when it is within the droop range of the 

SVC, the system should be fairly linear (since V~1pu) as demonstrated in Section 5.4.3. 

In the SMIB model, the POD inputs are power signals from 4 AC lines including L1, 

L2, L5 and L6 as presented in Figure 5.21. 

5.9.3.2 Simulation results and analysis on study case 5 

Furthermore, the performance of the MIMO SR controller for the coordinated control of 

the HVDC link and SVC under a single framework is investigated in study case 5. It is 

demonstrated in this study case that the interaction is significantly reduced when the 

MIMO SR is implemented for control of the HVDC link and SVC under a single 

framework. Under normal operation, a step change in one control channel interacts with 

the other, coupled through the rest of the system. This is particularly an issue between 

the HVDC power flow control and the SVC-POD regulation. This is observed in the 

system where the HVDC link and the SVC are operated under their individually 

designed SISO control systems (using continuous PI controllers, and HVDC has only its 
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internal current control system). Figure 5.22 compares the dynamic responses of the 

system to a step change using a SISO PI or MIMO SR control at pre-fault. To test the 

interactions between the SVC and HVDC, the control reference points of each of these 

devices are subject to a step change in turn while the set-point of the other device is kept 

unchanged. Figure 5.22.a and Figure.5.22.c show the responses of the voltage of SVC 

and the active power of the HVDC when a 10% step change is imposed on the SVC 

voltage control set-point, where the HVDC set-point is kept constant at the original 

operating point. Figure 5.22.b and Figure 5.22.d show the responses of the system when 

a 100MW step change is added to the HVDC control set-point, where the SVC set-point 

is constant. With this arrangement, the SVC voltages are shown in the top plots, where 

Figure 5.22.a shows voltage change by self-excitation and Figure 5.22.b shows voltage 

change excited by the HVDC disturbance. The HVDC line flows are the bottom plots, 

with Figure 5.22.c being the response of HVDC link power to disturbance from the 

SVC’s set-point change and Figure 5.22.d is the HVDC link step response following the 

change of its set-point. It is evident from the Figure 5.22.b (red curve) that the step 

change in the HVDC flow control causes substantial disturbance in both the SVC 

voltage and the POD damping control signal, when the system is under the SISO 

control. Whereas, when the system is under the MIMO sampled regulator control, as 

shown in Figure 5.22.b, blue curve, the interaction between HVDC power flow control 

and the SVC-POD control is significantly reduced.  
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Figure 5.22: Per-fault coordinated control of the HVDC link and SVC using a MIMO SR 

control 

In the case of a fault occurring, if there is no post fault action to adopt the HVDC links 

set-point, the HVDC link would keep its pre-fault flow, while the loss of a circuit due to 

the fault clearance would reduce the post-fault transfer capability across the boundary 

circuits. As a consequence the connection between accelerating and decelerating groups 

is further weakened. Loss of synchronism between these oscillation groups could 

ultimately lead to instability. 

Under the MIMO SR control the embedded HVDC link can provide a rapid post-fault 

action, picking up the flow from the lost AC circuit. As a consequence, loading of the 

machines in the exporting group is quickly restored and system integrity and stability 

maintained. Figure 5.23 shows the dynamic response of the system at post-fault with 

and without post-fault stabilising control actions[138]. 
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Figure 5.23: Post-fault control of the HVDC link and SVC using MIMO SR control for the 

immediate increase of the HVDC link’s flows to enhance the system stability 

In this case, a three -phase fault is placed on line L1 towards the SVC terminal end. At 

post-fault, line L1 is tripped for fault clearance. In addition, the MIMO SR commanded 

the HVDC links power flow to increase to 980MW from the pre-fault operating point of 

500MW following the fault clearance [138]. 

Figure 5.23.b shows the power flow in the HVDC link following the loss of an AC line 

with and without implementing the HVDC link set-point adoption as post-fault action. It 

is clearly seen that the post-fault action using the HVDC flow control has enhanced 

post-fault stability, as shown in Figure 5.23 by the blue curves. The MIMO SR control 

performed a ‘tracking’ control in the HVDC link control channel with its interaction 

with the voltage regulation being reduced under the MIMO control design.  

Also, Figure 5.23.c presents the control signals from the MIMO SR controller, which 

demonstrates that the MIMO control signal has not been restricted significantly by the 

HVDC links physical limit under this design.   

In this study, no step change applied to the SVC set-point and MIMO SR control 

maintains the voltage under the SVC control at post-fault to its pre-fault set point. 
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Figure 5.23.b demonstrates that less voltage variation is observed when the post-fault 

action is taken through MIMO SR control.   

 In addition, the SVC control signal is presented in Figure 5.23.d.  The SVC limit 

on the control  variable is [-0.75, 1.5] and with the post-fault stabilising action the SVC 

control signal is less  restricted, hence more effective, than that of no post-fault control. 

The limiting effects can be  seen in the top-right voltage plot. 

In post-fault the system has undergone various nonlinear system stages, and these tests 

have demonstrated robustness of the sampled regulators. The post-fault system is 

different from the pre-fault system with both the line switching and operating point 

changed. Desirably the parameters of the controller are updated in post-fault. With the 

proposed time domain design approach this class of Sampled Regulator control can be 

further developed into adaptive schemes, using standard recursive online algorithms for 

the non-parametric system identification [138][152].  

 

5.10 Concluding remarks 

 

In this chapter, firstly the requirement for secondary/supervisory multivariable feedback 

control system for co-ordinated control of power flow control devices on the future GB 

transmission system such as the future HVDC link and the TCSC is discussed. 

Secondly, the Chapter presents a methodology to design a novel Sample Regulator (SR) 

controller which is capable of providing coordinated control of the HVDC links, TCSC 

and SVCs at pre-fault as well as providing stability support to the main AC system to 

enhance the stability limit at the post-fault. Alongside that, the detail of the background 

theory and main features of the proposed SR design method is presented. Then, the 

Chapter focuses on the technical development of the SR controller and the overall 

structure of Matlab to PowerFactory interface for design of SR is presented as initial 

part of controller design. The proposed SR controller can be implemented as a SISO or 

MIMO controller. Therefore, further to theoretical development of the SR controller, 

performance and capability of both SISO and MIMO SR controllers are investigated. 

Two power system applications, including coordination of power flow control of 

multiple HVDC links and power flow control of HVDC link with the SVC voltage 

regulation are presented. The simulation results demonstrated the capability of MIMO 
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SR for the co-ordinated control of two HVDC links and HVDC link and SVC at pre-

fault under one framework. 

Also, robustness of this class of sampled regulator has been tested at post-fault which 

confirmed that the sampled regulators design method is both practical and applicable to 

power system control even when the systems are subjected to severe disturbances. 

Therefore, by adopting a MIMO SR control, the HVDC link can also provide rapid post 

fault action to pick up the flow on the lost AC line and consequently restore system 

stability. 
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Chapter 6  

Stability control and management system in future 

GB transmission system  

 

6.1 Introduction  

The performance of the non-parametric time domain, MIMO SR control design 

approach is further tested for the control of various types of control devices, including 

the HVDC link and SVC with its associated auxiliary POD functions using the full scale 

GB transmission system model. To do so, a full model of the GB transmission network 

representing the 2016 generation and demand pattern is set-up. 

The control of the HVDC link and SVC together under a MIMO SR feedback control 

would address two very different control variables.  In the case of the HVDC link, the 

SR controller is a power flow controller, which rapidly and accurately tracks the wide 

range of operating point changes at both pre-fault and post-fault, to provide support to 

the AC system and ultimately enhance system stability, whereas in the case of the SVC, 

the controller regulates voltage. The interactions could be coupled through the rest of 

the transmission system. In addition, in this Chapter, the optimal operational strategy for 

the embedded West Coast HVDC link in the GB transmission system with regard to the 

enhancement of the stability limit across the B6 boundary is investigated using the 

MIMO SR controller [152]. 

6.2 Study set-up 

In the network access planning process at National grid, offline studies in Power 

Factory (Off Line Tool Analysis, OLTA) are conducted to ensure that system security is 

maintained for various planned and unplanned outages. The demand and generation 

profile could change minute by minute. Consequently security analysis studies need to 

be updated based on the change of the demand and generation profile. However, it is not 

practical to repeat all the studies on a minute by minute basis. Therefore, these studies 

are only conducted for major points of time on the daily demand curve. Representative 

demand curves for the winter peak, typical winter, typical summer and summer 

minimum are shown in Figure 6.1. These major points of time, which are called cardinal 
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points (CP), represent peak, trough and fixed point on the demand curve as illustrated in 

Figure 6.1. The cardinal points are represented by study cases and a pair scenario in 

PowerFactory. 

 

 
Figure 6.1: Demand curve for typical minimum and maximum winter and summer including 

Cardinal points such as Peak (P), trough (T) and fixed point (F) [154] 

 

6.2.1 Main steps of setting up a study case which represents  2016 demand 

and generation profile 

This section describes the processes conducted to set up a study, which represents the 

future model of the GB system with regard to the increase in wind generation level in 

Scotland and England by 2016. The West Coast HVDC link model is also integrated to 

this model. The process of study set-up mainly includes importing generation and 

demand information, balancing the study and ensuring that the study has a good voltage 

profile. These steps are explained in more detail in the following section.    

Firstly a current model is derived containing the Winter Peak (WP) database at 2B 

cardinal point. As mentioned above, in PowerFactory a cardinal point defines a point in 

time for which all analysis functions will be executed. 

The derived project from the 2013 model contains a generation and demand profile that 

didn’t correspond to the profile scheduled for the cardinal point under consideration of 
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this study. Therefore, as part of the study set-up process, the generation and demand 

patterns are updated in such a way that they would represent the generation and demand 

pattern by 2016, particularly the wind generation increase in Scotland and England. 

The OLTA tool provides an interface to the Scheduling Process in a Control 

Environment (SPICE) to extract generation schedule data. Once generation schedule 

data has been extracted, we proceed to apply Balancing Mechanism Units (BMUs), so 

that BMUs dispatch generators in the controlled group according to merit order. 

After that, MW and MVAr demand data is applied to the OLTA system. This is done 

through an interface to the Demand Forecasting (DEAF) system although generation 

has been set up to match the total demand (i.e. load + network losses).  

After SPICE imports the BMU application and DEAF imports demand, there is still a 

large mismatch between generation and load. This is due to the DEAF values being 

stored in the feeders at this stage but yet to be applied to the load. The demand values 

are not yet scaled to match the SPICE dispatch.  Balancing MW demand in a scenario is 

conducted by distributing from the Grid Supply Point (GSP) to Bulk Supply Point 

(BSP), and then scaling demand to meet the total generation. The total system 

imbalance should not be more than 10 MW [154]. 

 After carrying out the above steps, the AC load flow is run and the tap positions are re-

written to the database. 

In general a well-balanced study case has the following criteria which were considered 

in this study setup [154]: 

 Active power mismatch (all generators) is less than 10 MW. 

 No thermal limit violation for the pre-fault case. 

 Can be verified with an “AC Load Flow Report” 

 An acceptable  national voltage profile based SQSS  is obtained  

 All equipment such as PV generators, SVCs and Tap changers operate within 

 their limits and no violation of limits are observed. 

 Also, the low number of iterations that the load flow calculation needs for 

 convergence is a good indication of the robustness of the solution. A high 

 number of iterations  usually indicate that there might be problems in keeping 

 the voltages at all busbars within specified limits or there might be an overload 

 in a part of the system. 
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Subsequent to setting a balanced study case for the winter peak scenario at the second 

cardinal point 2B (12:00 h), the study cases described in Section 6.5 are investigated 

with regards to stability enhancement across the B6 boundary. 

6.2.2 Description of  the Full GB Transmission system model 

The capability of the embedded West Coast HVDC link, which uses Current Source 

Converter (CSC) technology, in transient stability enhancement, is investigated using 

the set-up study case for the full model of the future GB transmission system. The 

dynamic model, which is created in DIgSILENT PowerFactory [144], was set up to 

represent the 2016 generation profile based on the 2013 Gone Green Future Energy 

Scenarios [6]. To do so, as previously explained in Section 6.2.1, the generation in 

Scotland was scaled up to increase the transfer across the B6 boundary for the purpose 

of the studies. There are many ways in which generation and demand can be scaled up. 

Therefore, the B6 boundary found in these studies may not represent the actual 

operating condition in 2016. In this model, the GB transmission system consists of three 

main areas including the SHETL in the North of Scotland, the SPTL in the South of 

Scotland and the NGETN for England and Wales. These three regions use three voltage 

levels of 400kV, 275kV and 132kV.  In total, there are 220 synchronous machines in 

service from which 195 of them are equipped with Automatic Voltage Regulators 

(AVR). Also, there are 36 substations in NGETN with dynamically-controlled SVCs to 

maintain the bus voltages within statutory limits. For the operating conditions under 

study, the total generation is around 62.5 GW.  In order to have a dynamic model and 

obtain realistic results all generators are equipped with excitation system models and 

governors. Also, all PSS remain connected and in service. In addition, 7801 

transmission lines, 5328 busbars, 2,354 transformers, 644 shunts and 1627 loads (all of 

the loads in the system model are modelled as constant impedance loads) are included 

in this model. 

As previously explained in Chapter 1, the Scottish B6 boundary includes two double 

400kV AC lines with each of the four AC lines having a thermal rating of 2.2GW. 

Based on the Security and Quality of Supply Standards (SQSS) requirements, the 

system should remain stable following a double circuit fault [15]. Therefore, the two 

existing double AC lines should be capable of providing 4.4GW of thermal capacity. 

However, this capability is currently limited by stability constraints. Thus, in line with 

future reinforcements across the B6 boundary, a 2.2GW, 600kV Bipolar CSC-HVDC 
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link is planned to be installed between Hunterston (SPTL) and Deeside (NGET) by 

2016, as shown in Figure 6.2, to enhance the power transfer capacity of the transmission 

corridors between Scotland and England. Therefore, a CSC-HVDC model is integrated 

in this model to represent the West coast HVDC link. The CSC-HVDC link normally 

controls the DC current at rectifier side and DC voltage at inverter side. The detail of 

the West coast HVDC link model including the diagrams and parameters of the HVDC 

link control system are included in Appendix B. It is important to note that the focus of 

this Chapter is only on the West Coast HVDC link [147][152]. 

 

Figure 6.2: GB transmission system with the future West and East Coast embedded HVDC 

links and location of the monitored generators       [6] 

6.3 Stability analysis performed for the GB transmission 

system 
As discussed in Chapter 1, the transmission system will require operation closer to its 

thermal limits to provide cost and operational efficiencies and to offset the requirement 

for further physical capacity.  Therefore, increased monitoring of system stability is 

necessary to ensure that the network is stable in real-time. National Grid as the Great 
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Britain System Operator (GBSO) currently monitors and analyses dynamic and 

transient stability to ensure the SQSS obligations in maintaining security of supply is 

satisfied [15]. The dynamic stability/oscillation monitoring system provided by 

Psymetrix (Power System Stability Monitoring) currently monitors dynamic stability, 

oscillation of synchronous machines by analysing the digital output from Phasor 

Measurement Units (PMUs) strategically located across the England & Wales 

transmission network  

Off-line transient stability analysis (which is the focus of the studies presented in this 

Chapter) identifies system stability for all credible faults on the network and ultimately 

indicates which contingencies will potentially lead to instability [155]. Also, stability 

analysis identifies the power transfer limit of the Main Interconnected Transmission 

System (MITS) or the boundaries of interest such as B6 boundary (known also as 

Anglo-Scottish boundary). The identification of these limits is based on the planning 

criteria outlined in the SQSS as follows [15]. 

6.4 Planning criteria  

The maximum transmission capacity of the MITS shall be planned such that prior to 

any fault there shall not be any equipment loadings exceeding the pre-fault rating and 

voltages outside the pre-fault planning voltage limits.  

In addition, the maximum transmission capacity of the MITS is required to be planned 

such that for any following event of fault outage there shall not be any system 

instability, unacceptable voltage condition or overloading of the equipment [15]: 

 A single transmission circuit or  a reactive compensator or provider  

 A double circuit overhead line on the super grid 

 A double circuit overhead line 

 A section of bus-bar or mesh corner 

Following the above planning criteria the  power transfer stability limit of  the B6 

boundary is normally  identified by increasing the power transfer across the boundary 

step by step (at 100MW steps).  Stability analysis is performed at each step for all the 

credible faults as outlined in SQSS.  The main generators’ rotor angle’s oscillations 

across the boundary (shown in Figure 6.2 by blue circles) are monitored as the main 

index of system stability.  100 MW before the point where system becomes unstable is 
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considered as the maximum stability limit of the boundary.  The SQSS defines the 

system instability as when there is either  [15] [154]: 

 Pole Slipping: when a transmission connected generator loses synchronism 

 with the remainder of the system to which it is connected or, 

 Poor Damping: when after a 20s simulation period, the electromechanical (e.g. 

 Rotor angle) oscillation has a damping time constant greater than 12 seconds. 

With following the above planning criteria the stability limit of the B6 boundary is 

identified and the study cases in Section 6.5 are conducted to investigate the optimal 

operating point of the HVDC link with regards to stability enhancement across the B6 

boundary using the MIMO SR control. 

6.5 Definition of Study cases and scenarios  

 Study case 1: investigates the optimal operating scheme of the West Coast 

HVDC link with regard to the system stability enhancement using the 

Multivariable SR controller. The following two scenarios, as detailed in 

Figure6.3,  have been considered for this study case.   

 Running the HVDC link  at 2.2 GW (case 1.1)  

 Running the HVDC link at 1.9 GW (case1.2) in order to reserve its fast 

 ramp-up capability for the PFA 

 Study case 2: investigates the capability of the MIMO SR controller in co-

ordinated control of the HVDC link and SVC at pre-fault. In these study cases, 

the main control objective for the SVC is to regulate the voltage profile. 

However, the HVDC link’s main objective is to track the wide range of 

operating point changes, rapidly and accurately, at both pre-fault and post-fault 

in order to enhance system stability. 
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Figure 6.3.:  Schematic diagram of B6 boundary in parallel with West coast HVDC link for 

study case 1 

 

6.6 Capability of the West Coast HVDC link in stability 

enhancement 

The West Coast HVDC link is expected to provide fast ramp-up and a short term 

overload capability of 2.4 GW (for up to 6 hours) to be implemented for Post Fault 

Action (PFA).  However, according to the West coast HVDC link technical document 

[156], PFA capability of the West coast HVDC link is not available if it is running at its 

maximum continuous capacity which is 2.2 GW [156].  Therefore, the main question 

raised is what would be the optimal operating point of the HVDC link with regard to the 

enhancement of system stability, whether to run the HVDC link at its maximum 

capacity or run the HVDC link at recommended lower level (1.9 GW) in order to 

preserve its fast ramp-up capability for the PFA.  

The study case1.1 and study case1.2 are investigating the above question using the full 

future model of the GB transmission system. (The processes of study set-up were 

described in Section 6.2.1). 

 

6.7 Simulation results and analysis for the study case 1.1 vs. 

study case 1.2 

Since the fast ramp-up capability of the HVDC link is available when the HVDC link  is 

set maximum up to 1.9 GW ( study case 1.1),  the stability limit of the B6 boundary is 

identified (based on the required planning criteria described in section 6.4) with and 
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without implementing the fast ramp-up capability of the HVDC link for PFA.  PFA is 

implemented through the MIMO SR control, which is controlling the HVDC link and 

SVC under a single framework in the GB transmission system. To do that, a three-phase 

fault, shown in Figure 6.2 by F1, on one of the double 400KV AC lines across the B6 

boundary is applied and it is cleared after 100ms. It is important to note that in these 

study cases only the most critical fault is considered for identifying the power transfer 

stability limit. The fault on the double circuit connecting  Eccles and Stela West (shown 

in Figure 6.2 by F1 ) has been identified as the most critical fault, which could lead the 

system to instability depending on the level of power transfer on the B6 boundary, 

outage pattern and system arrangements. (It is important to note that these cases are 

defined for the intact system) [152]. 

In study case1.1, the total power transfer limit of the B6 boundary including the HVDC 

links flow without any PFA is identified at operating point A, which implies that 

without taking any PFA the system will be unstable beyond this point. After that, the 

power flow across the boundary is increased to identify the maximum stability power 

transfer limit across the B6 boundary while exploiting the fast ramp-up and overload 

capability of the HVDC link as a PFA. The summary of total power transfers across the 

B6 boundary at each of the operating points is presented in Table 6.1.  

The same steps are repeated to identify the total stability power transfer limit across the 

B6 boundary for the case when the HVDC link’s set-point is set up to its maximum 

capacity of 2.2 GW (study case 1.2).  However, in this case no PFA is available from 

the HVDC link due to the link technical limitation. In this case, the maximum transfer 

limit obtained is point C, which is lower than point D by 150MW.  

 The simulation results revealing the dynamic performance of the system for both study 

case 1.1 and study case 1.2 at operating points B, C and D are presented in Figure 6.4, 

Figure 6.5 and Figure 6.6 respectively. In these presented simulation results,  as well as 

the status of the system in term of system stability, the system dynamic response at each 

operating point including the active power on the HVDC link, voltage at Harker and the 

rotor angle oscillation of the large generators across the network are monitored and 

presented for stability performance analysis. Please note that due to the generators’ data 

confidentiality the name of generations have not been provided. 
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TABLE 6.1: Power transfer limit across the B6 boundary at various operating points 

Operating point** 
Total PT of B6 

boundary* (GW) 
HVDC link    (1.9  GW) 

at pre-fault 

HVDC link 
( 2.2 GW) at pre-

fault 

Point A 4540 Stable with No PFA Stable  

Point B 4640 Stable with PFA Stable  

Point C 4735 Stable with PFA Stable  

Point  D 4885 Stable with PFA Not stable  

Point E 4944 Not stable  Not stable  

** PT: Power Transfer, including the power flow on the DC and AC lines. 
* Using generation scaling pattern specific to studies. 

 

It is evident from the simulation results presented in Figure 6.6 that at operating point D 

the system will be unstable without the use of the PFA provided by the HVDC link.  In 

both study cases as presented in Table 6.1, the system is unstable behind point E even 

with implementing the PFA from the HVDC link. In addition, it is apparent from the 

simulation results presented in Figure 6.4 and Figure6.5 that even though the same total 

power transfer level is maintained in both study cases (case 1.1 and case 1.2), at 

operating B and operating point C, the system responses are less oscillatory (blue 

curves) when the HVDC link is operated at 1.9 GW and the overload capability of the 

HVDC link is utilised for PFA (case1.2) compared to the case1.1 when the HVDC link 

is operated at its maximum capacity of 2.2GW (red curves). 

Also, Figure 6.4, showing the dynamic response of the system at point B, demonstrates 

that less voltage drop at Harker is observed in the case of running the HVDC link at 

1.9GW at pre-fault. Moreover, it is clearly evident from the simulation results that the 

highest power transfer limit across the B6 boundary is obtained with running the HVDC 

link at 1.9GW and exploiting overload and fast ramp-up capability of the HVDC link at 

post-fault using the MIMO SR control [152].  
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Figure 6.4: Study case 1: operation point B: Dynamic response of the system with/without 

implementing the HVDC link’s fast ramp-up capability through the MIMO SR control 

following the occurrence of the AC fault (F1) when the B6 transfer is at point B 

Furthermore, operating point C represents the maximum stability transfer limit obtained 

when the HVDC link is operated at its maximum capacity of 2.2GW. Rotor angle 

oscillation of the main large generators across the network at this point are compared 

with the case when the HVDC link is operated at 1.9 GW and PFA is provided by the 

HVDC link. Simulation results demonstrated that the generators’ rotor angle oscillation 

is considerably higher in case 1.1.  In addition, as shown in Figure 6.5, a higher voltage 

drop at Harker is detected in case1.1.  
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Figure 6.5: Study case 1-operation point C: Dynamic response of the system with/without 

implementing the HVDC link’s fast ramp-up capability through the MIMO SR control 

following the occurrence of the AC fault (F1) when the B6 transfer is at point C. 

At operating point D, where the system becomes unstable for case 1.1, system stability at 

this point can still be maintained at post-fault if the HVDC link is operated at 1.9 GW at 

pre-fault in order to implement the PFA action from the HVDC link. Figure 6.6 shows the 

simulation results at point D for both study cases. 
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Figure 6.6: Study case 1-operation point D: Dynamic response of the system with/without 

implementing the HVDC link’s fast ramp-up capability through the MIMO SR control 

following the occurrence of the AC fault (F1) when the B6 transfer is at point D 

 

In conclusion, simulation results for study case1 revealed that higher power transfer limit  

and better stability performance across the B6 boundary can be attained if the HVDC link  

is operated at 1.9GW in order to reserve the HVDC link’s fast ramp-up and overload 

capability for PFA. In the next section, the performance of SISO and MIMO controllers 

at pre-fault is only investigated for the case where the HVDC link is operated at 1.9 GW 

at pre-fault. This is due to the fact that the second operational strategy for the HVDC 

link, which was demonstrated in study case 1.2, proved to be more beneficial with 

regards to achieving higher transfer limit. 

 

6.8 Simulation results and analysis for the study case 2  

There is an SVC installed at Harker on the boundary of one of the two 400kV AC 

interconnectors between Scotland and England-Wales to support the voltage profile 

across this boundary. In addition to voltage regulation, the SVC is also equipped with a 

power oscillation damping control module. These two control systems including the 

HVDC links control and the SVC’s power oscillation damping controller, if running 

separately, could have interactions with both trying to achieve their dynamic control 

objectives via the adjustment of power flows on the same set of boundary circuits. 

Therefore, the capability of the MIMO SR control for coordinated control of this SVC 

and the West coast HVDC link is investigated in this study using the full GB 

transmission system model. Similar results and dynamic performance to those presented 

in Chapter 5, Section 5.8.3.3, are also observed in this study case using the full GB 

transmission system model. The results shown in Figure 6.7 demonstrate that not only 

does the MIMO SR control cause less disturbance to the voltage control channel but also 
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provides better voltage control when a small change of set-point is applied to the HVDC 

link at pre-fault whereas, the interaction on voltage control is higher when the SISO PI  

control is implemented (green curve). 
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Figure 6.7: Comparison of  the SISO PI and MIMO SR control performance for coordinated 

control of SVC and HVDC link using the full GB transmission system model 
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6.9 Concluding remarks  

This Chapter investigated the optimal operating strategy of the West Coast HVDC link 

with regard to the system stability enhancement. Also, the capability of the designed  

multivariable  SR controller in providing stability support to the main AC system to 

enhance the B6 boundary stability limit at post-fault by using the HVDC link’s set-point 

adoption is demostrated. the simulation results shown that higher power transfer limit  

and enhanced stability performance across the B6 boundary can be achieved if the 

HVDC link  is operated at 1.9GW in order to spare the HVDC link’s fast ramp-up and 

overload capability for PFA. 

Moreover, the capability of the MIMO controller in the coordinated control of the West 

coast HVDC link and  Harker SVC under one framework at pre-fault is presented in this 

Chapter. Further to the theoretical development of the SR controller, the capability and 

scalability of the proposed control design method is demonstrated on the full off-line 

future GB transmission system model for the coordinated control of various types of 

control devices including the west Coast embedded HVDC link and SVC at pre-fault. 

Also, the robustness of this class of SR has been tested at post-fault, which confirmed 

that the SR control design method is both practical and applicable to power system 

control even when the systems are subjected to severe disturbances. Therefore, by 

adopting a MIMO SR co-ordinated control, the control of various voltage and power 

flow devices can be obtained at prefault. In addition, if it is required, as mentioned 

above the HVDC link can also provide rapid post-fault action to pick up the flow on the 

lost AC line and consequently restore system stability using the MIMO SR controller.  
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Chapter 7  

Wide-area power oscillation damping control for 

embedded HVDC link 

 

 

7.1 Introduction 

Small signal stability problems have long been identified as one of the major threats to 

power grid stability and reliability.  This is because an undamped low-frequency 

oscillatory mode can cause large-amplitude oscillations and may result in large-scale 

blackouts [157].  In this chapter, the application of the HVDC link and TCSC for the 

design of a supplementary damping controller is presented. Also, two approaches for 

the design of power oscillation damping control are presented and their performances 

are investigated through a comparative study using a four-machine test system. In 

addition, the impact of sharing active power flows between the DC link and the AC 

lines on the movement of poorly damped inter-area oscillation modes is investigated 

prior to adding any damping controller to the HVDC control scheme. Finally, the 

capability of the West Coast HVDC link’s damping controller in system stability 

improvement is demonstrated using the full GB transmission system model. 

7.2 History of  transient and dynamic instability in GB 

transmission system 
Since the 1980s’ the GB system has occasionally experienced low frequency 

oscillations at around 0.5Hz due to the fact that generator groups in the Scottish network 

oscillated against generator groups in the England and Wales network. An example of 

unstable 0.5Hz oscillations between the Scotland-England generators is shown in 

Figure7.1. Following some post-event analysis, it was recognised that the oscillation 

damping reduces as the power flow increases across this boundary. Therefore, a lower 

limit on the level of power transfer across the Anglo-Scottish boundary was set. Due to 

the recurrence of large sustained oscillations, PSS were consequently installed on a 

couple of Scottish generators [158]. However, due to the dynamic characteristics and 

uncertainty in dynamic network simulation, there is still a significant constraint in the 

export of power from Scotland to England [159].  Furthermore, in order to monitor the 

inter-area modes and detection of any oscillations between England and Scotland, a 
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system was developed, which is capable of performing constant oscillation analysis and 

determining the frequency, amplitude and damping of the modes of oscillation. The 

current system has the ability to identify whether the oscillation damping on the system 

has dropped below predefined stability margins. On identifying any unacceptable 

damping an alarm is generated to alert the system operators that the system may be 

approaching instability. In the case of such an alert, the Scottish transfer is to be reduced 

in 100MW blocks, until the dynamic stability monitor returns to the stable region [160]. 

However, reducing the power flow across the interconnection incurs cost for consumers. 

Therefore, in future a more economical approach such as employing an advanced wide 

area power oscillation damping controller or an overall stability control system is 

required, in order to enhance the transfer limit across the network [161]. 

 

Figure 7.1: Unstable 0.5Hz oscillations between  the Scotland and England [159] 

7.3 Principle of modal analysis 

The nonlinear model of a power system can be linearized around an operating point and 

presented in the state space format shown in (F.2.2) in Appendix F. The linearised state 

space model of the system can also be presented in a modal form (7.1) using modal 

transformation matrix ( 



1

M ), which transforms the state variable to modal variables. 

xMz,uDzy

uzz

CM

BM




 

(7.1) 
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In (7.1), the modal state matrix is defined as MAM
1 , MBB M  and CMC

1
M

  

are the mode’s controllability and modal observability matrix respectively. The mode 

controllability matrix is a ( )mn   matrix, which defines how controllable a mode is 

through a given input. If the element )j,i(BM  is equal to zero, then the j
th 

input will have 

no effect on the i
th

 mode. Similarly, the mode observability matrix is a ( )np   matrix 

which defines how observable a mode is through a given output. If the element )i,k(CM  

is equal to zero, then the i
th  

mode cannot be observed in the k
th

  output [22]. 

Overall, the transfer function of the above system can be defined in terms of input and 

output matrices, right and left eigenvectors and residue values as presented in (7.2). Ri is 

the residue of a specific mode, which gives a measure of that mode’s sensitivity to the 

feedback between the output (y) and the input (u). It is in fact the product of the mode’s 

observability and controllability [163][164]. All the parameters are defined in Table 7.1.  
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(7.2) 

TABLE 7.1: Definition of parameters 

  State vector A State matrix 
i  Eigenvalue 

y  Output vector B,C Input  and output matrix   Right eigenvector 

u  Input vector D Feedforward matrix   Left eigenvector 

 

7.4 Application of the TCSC and the HVDC link in damping 

the inter-area oscillation 

Traditionally HVDC links are mainly installed in a system to provide a transmission 

route for bulk power transfer over a long distance, or have been implemented for the 

connection of asynchronous networks. However, the application of embedded HVDC 

links which are installed in parallel with AC lines has increased. A good example of this 

is the future West Coast HVDC link in the GB transmission network. It is therefore, 

critical to investigate the impact of embedded HVDC links on system stability. Also, as 

previously mentioned, fast power controllability of the HVDC link can be implemented 

for the design of a supplementary power oscillation damping controller. The 

supplementary control scheme for the HVDC link, which provides modulation to the 
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rectifier current controller, is an effective means for the mitigation of inter-area 

oscillations of interconnected power systems [164][162]. Similarly, the TCSC lines are 

primarily installed in series with the AC line to increase the power transfer capacity in 

the network by reducing the impedance of the AC line. However, their fast response and 

capability in the control of power can be implemented to improve the system oscillation 

damping using a supplementary power oscillation damping control.  Thus, in this 

Chapter the applications of the TCSC and the HVDC link for the design of a 

supplementary damping controller are demonstrated using the two approaches for the 

design of power oscillation damping control, which are presented in the next section. 

7.5 Supplementary power oscillation damping control design 

approaches and specification 

Low frequency oscillations are inherent in large integrated power systems.  To improve 

the damping of oscillations in power systems, a supplementary power oscillation 

damping control can be employed for existing devices such as FACTS devices or the 

HVDC links. In this Chapter, two approaches for the design of power oscillation 

damping controller are presented. These are the PSS-based damping controller and the 

Modal Linear Quadratic Gaussian (MLQG) control design method. Both damping 

controllers are designed to shift the poorly damped oscillatory modes of the system into 

the left side of the complex plane in order to make the system stable and improve 

system oscillation damping. The selected mode of interest must be both controllable by 

the chosen input and observable in the chosen output for a feedback control to have any 

effect on the mode. Selection of suitable feedback variables is therefore critical to the 

design of any damping controller [164][162]. The overall structures of both damping 

controllers are presented in the next section. 

7.5.1 PSS-based damping controller design  

The PSS-based damping controller has a similar structure to that of a generator’ PSS, 

incorporating a phase compensation block, washout filter, gain and limiter. The transfer 

function and structure of the PSS-based damping controller is shown in (7.3) and Figure 

7.2 respectively. The main advantage of this damping control design approach is due to 

the fact that its control structure is uncomplicated, effective and easily tuned. However, 

it can only be optimally tuned for a single mode. In this study the PSS-based controller 

is tuned using a residue-based method [164]. The details of this method are also 

provided in [164]. 
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Figure 7.2: Structure of PSS-base damping controller 

7.5.2 Principle of the MLQG control design method  

The linearised model of a power system is defined in (7.4), where w and v are assumed 

to be uncorrelated process noise and measurement noise respectively [165].  

vuDxCy

wuBxAx



 
 (7.4) 

The standard LQG control is based on optimal control theory and designed to find the 

control input u(t) signal that minimises the quadratic cost function in (7.5) which is 

formulated in terms of the modal variable. In this design the objective is to minimise the 

energy of the controlled output (states’ deviation) and the energy of the input signal 

(control effort). However, there is continuously a trade-off between error minimisation 

and control effort. Matrixes “Qm” and “R”, in (7.5), are the weighting factors which 

determine the trade-off between these two goals [90]. In (7.5), M is the modal 

transformation matrix that maps between the system modal variables (z) and system 

state variables (x). As explained in section 7.3, matrix (M) which is associated with the 

matrix of right eigenvectors ( 



1

M ), transforms state variable to modal variables as 

shown in (7.6) [166]. 

 dtuRux)M(xEJ
t

0

T
QmMTT

lim
t




  
(7.5) 

)t(xM)t(Z 

 
(7.6) 

The values of each diagonal element of matrix “Qm” is associated to the modal variables 

and consequently to the equivalent mode e
λit

.  Elements of the “Qm” matrix are selected 

to penalise the corresponding states when deviating from their steady-states values. This 

implies that giving higher weight to a modal variable results in higher effort by the 
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controller to stabilise the corresponding mode. This property of the MLQG design 

method, allows the controller to focus only on stabilising the poorly damped mode of 

interest by giving weight only to the element of the “Qm” matrix that corresponds to the 

mode of interest while the other modes’ weights are set to zero. In this way, the control 

effort of the designed MLQG is only on damping the modes of interest by shifting them 

to the left side of the complex plane and keeping locations of other modes unchanged. 

To ensure that the MLQG controller give the best damping, a search algorithm in 

Matlab is used to find Qm. Similarly, the values of the diagonal elements of “R” are set 

in order to penalise the corresponding system inputs [166].  For the LQR problem, the 

solution of (7.5) can be written in the form of standard state feedback law presented in 

(7.7) and the LQR controller gain is computed by solving the associated Algebraic 

Riccati Equation (ARE), shown in (7.8), based on the cost function presented in (7.5).  

Matrix.ConstKwhereK)t(u )t(x 


 
(7.7) 

AREofSolutionX,XBRK T1  
 (7.8) 

QXBXBRXAXA:ARE T1T  
 (7.9) 

In (7.7), all the system states must be measurable in order to find gain K. However, in 

reality all the system states are not available. Consequently, an observer is required to 

estimate the unavailable system states. The )(tx


is therefore an estimation of the state 

variable (x), obtained using a Kalman filter shown in Figure 7.3. The Kalman filter is 

defined in (7.10), where L is a constant estimation error feedback matrix, which 

minimises )]x()x[(E x
T

x


 and is designed and calculated by solving the cost 

function defined in (7.11).  

Lv)xCy(LBuA)t(x x 


 

(7.10) 

  dt)uVuxWx(EJ
t

0

TT
lim

t
L 


  

(7.11) 

The weighting matrices W and V are calculated as in (7.12) and tuned based on the Loop 

Transfer Recovery (LTR) procedure at either plant input or output [166][165]. 

0
TT

0 VVandBqBWW 

 

(7.12) 
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Where W0 and V0 refer to the nominal model noise and  is any positive definite 

matrix. As shown in Figure 7.3, the MLQG is an optimal controller obtained as the 

combination of an optimal MLQR state feedback gain and feedback from an optimal 

state estimator (Kalman filter). Therefore, the MLQG closed loop poles are simply the 

combination of the poles of the MLQR system and the poles of the Kalman filter, 

Therefore, the separation principle can be used to solve the MLQG control problem, 

which has the same order as the plant [166]. In addition, it is important to note that a 

linear state-space model that correctly captures the dynamics of the power system is 

required to be obtained before the design of the model-based MLQG damping 

controller, which will be further explained in section 7.9. 

State space 
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Figure 7.3: Structure of the MLQG damping controller 

 

7.6 Test systems under study 
Two power system network models have been used in this Chapter for the purpose of 

small stability analysis. First, a simple concept proving test system is used for 

demonstrating the application of the TCSC and the HVDC link in dynamic stability 

enhancement. Then the full GB transmission system model is used to investigate the 

capability and effectiveness of the West Coast HVDC embedded link in improving the 

system power oscillation damping and transient stability. 

7.6.1 Two Area , four- machine concept proving test network 

This simple test model is based on a four-machine multi-bus system as shown in 

Figure7.4. This model is suitable for the purpose of small disturbance stability analysis. 
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This is because a large volume of power is transferred from bus 3 to bus 5 over a long 

distance line. Also, generators at both sides are likely to oscillate against each other 

following a disturbance due to the existence of a poorly damped inter-area mode of 

oscillation. In addition, the model is modified and a HVDC link is added in parallel with 

AC lines. The HVDC link, which is modelled as a CSC-HVDC link carries 100MW of 

active power.  Also, a dynamic model of the generator is implemented in this test 

system. The eigenvalues of the system under study are presented in Table 7.2, which 

will be further explained in section 7.9.4. 

 

Figure 7.4: Four-machine test system in DIgSILENT with HVDC link 

TABLE 7.2: Eigenvalues /Modes of the two-area, four-machines test system with HVDC link 

Mode 
Real part Imaginary part Frequency Damping Damping Ratio 

1/s rad/s Hz 1/s  

Mode 1 -0.49 6.25 0.99 0.48 0.08 

Mode 2 -0.48 6.47 1.03 0.48 0.07 

Mode 3 0.002 3.21 0.51 -0.002 -0.0008 

Mode 4 -1.7 1.67 0.27 1.73 0.72 

Mode 5 -0.33 1.02 0.16 0.33 0.312 

Mode 6 -0.94 1.03 0.163 0.94 0.68 

Mode 7 -0.42 0.65 0.102 0.4207 0.55 

Mode 8 -0.42 0.64 0.101 0.421 0.55 
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7.6.2 Full GB Transmission system model 

The effectiveness of the West Coast HVDC embedded link in improving power 

oscillation damping is investigated using the full dynamic model of the GB transmission 

system. This model represents the 2016 generation profile based on the Gone Green 

future energy scenario [6][134]. In addition, in order to have a dynamic model and 

obtain realistic results all generators are equipped with excitation system models and 

governors. Also, all PSS remain connected and in service.  The detailed description of 

the model and the processes of creating this model from the current year model are 

explained in section 6.2 of Chapter 6. Also, as previously mentioned in Chapter 6, the 

B6 boundary is currently limited by stability constraints. In line with future 

reinforcements across the B6 boundary, a 2.2GW, 600kV Bipolar CSC-HVDC link to 

enhance the power transfer capacity of the transmission corridors between Scotland and 

England is planned to be installed by 2016 on West Coast between Hunterston (SPTL) 

and Deeside (NGET), as shown in Figure 7.17. A CSC-HVDC model is therefore 

integrated in this model to represent the West Coast HVDC link. In this study, the high 

volume of power transfer (  4.7GW) exported from Scotland to England on the B6 

boundary is shared between the AC lines and the DC link. 

7.7 Design of the supplementary power oscillation damping 

controller for the TCSC line 

Ideally, all generators in the power system are synchronous machines and rotate with 

the same angular velocity. In reality this is not the case and the generators have slightly 

different rotor speeds or angles to deliver the required energy demand.  Disturbances 

may increase the severity of such oscillations. Apart from the generator PSS, various 

FACTS devices such as the TCSC can be equipped with supplementary power 

oscillation damping controllers to damp the aforementioned inter-machine (area) 

oscillations [146][167].  In this section the PSS-based design approach is implemented 

in the design of the supplementary damping control for the TCSC as an actuator. The 

controller is tuned using the residue based method to shift the undamped 

eigenvalue/mode of the system into the left side of the complex plane to improve 

oscillation damping [164]. As previously mentioned, the selection of suitable feedback 

variables is critical to the design of any damping controller. In this study, the difference 

between the generators frequency is implemented as an input signal for the damping 

controller. 
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7.7.1 Characteristics of modified the test system under  the study  for  

design of the TCSC’s damping controller 

The two-area four-machine test system introduced in section 7.6.1 is modified as shown 

in Figure 7.5 for investigating the application of the TCSC for the design of power 

oscillation damping. At the mid-point, the AC line is compensated with a TCSC, which 

provides 40% compensation of the line reactance. As described in section 2.1, the 

TCSC is an impedance compensator component that is added in series to an AC 

transmission line to increase the power transfer capability of the line. It is also able to 

contribute to the power system stability enhancement by load flow control of the 

system. For power system stability studies, the Thyristor operation is negligible in the 

simulations. Consequently, for such studies, a TCSC can be represented using a 

simplified and ideal model with only a fixed capacitor in parallel with a variable reactor. 

During the steady state operation of the system the TCSC reactance is controlled to 

provide the expected power flow. In addition, the TCSC can also play an important role 

in improving the damping of low frequency power oscillations. This can be realised by 

adding a supplementary damping controller that provides a damping signal to 

dynamically change the TCSC’s reactance.  In the presented  study case, a typical PSS-

based power oscillation damping supplementary controller (with the same structure 

presented in section 7.5.1) for the TCSC is designed and tuned based on the modal and 

residue analysis [164][141]. The performance and ability of the TCSC damping 

controller in enhancing the system oscillation damping is investigated following the 

occurrence of a large disturbance such as a 3-phase fault on the system.  

 

Figure 7.5: Four-machine test system in DIgSILENT including the TCSC line 
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TABLE 7.3: Eigenvalues /Modes of the two-area, four-machines test system with No 

damping control for TCSC  

Mode 
Real part Imaginary part Frequency Damping Damping Ratio 

1/s rad/s Hz 1/s  

Mode 1 -0.552 6.27 0.99 0.55 0.087 

Mode 2 -0.0875 3.245 0.51 0.078 0.025 

Mode 3 -0.460 6.452 1.027 0.46 0.071 

Mode 4 -1.60 1.537 0.24 1.60 0.72 

Mode 5 -0.333 1.015 0.16 0.33 0.312 

Mode 6 -0.827 0.980 0.156 0.82 0.644 

Mode 7 -0.403 0.62 0.993 0.403 0.543 

Mode 8 -0.407 0.642 0.101 0.407 0.536 

Prior to that, a modal analysis is conducted to observe the impact of the TCSC damping 

controller on the poorly dampened mode of the system. The Table 7.3 shows the modes 

of the system integrated with the TCSC line with no damping controller. As can be 

seen, although all the modes are stable, mode 2 has damping ratio of 2.5%, which is less 

than 5%. The parameters of TCSC damping controller is presented in Appendix C. 

7.7.2 Simulation results on performance of  the PSS-based damping 

controller for TCSC 

The results provided in Figure 7.6 present the effect of the power oscillation damping 

controller on the system response including the rotor angle of generators (Figure 7.d,e, 

f), Power on line3 (Figure 7.c) and power on the TCSC line (Figure 7.a). The 

modulation signal generated from the damping controller is also shown in Figure7.6.b. 

The performance of a supplementary damping controller for the TCSC is observed 

following the occurrence of a severe disturbance such as a three phase short circuit fault 

on line 2. It is clearly evident that the controller is able to improve the systems power 

oscillation damping following a sever disturbance and stabilise the system in less than 

12s as required by SQSS [15]. Also, as Table 7.4 shows, after adding the damping 

controller the damping ratio of mode 2 increases significantly to 12.9%. 

TABLE 7.4: Modes of the two-area, four-machines test system with damping cont. for TCSC  

Mode Real part Imaginary part Frequency Damping Damping Ratio 

     
Mode 1 -0.646 3.66 0.99 0.646 0.173 

Mode 2 -0.815 6.240 0.58 0.815 0.129 

Mode 3 -0.518 6.357 1.01 0.517 0.082 

Mode 4 -1.63 1.584 0.25 1.62 0.716 

Mode 5 -6.90 6.25 0.99 6.908 0.741 

Mode 6 -0.333 1.016 0.167 0.333 0.312 

Mode 7 -0.815 0.977 0.155 0.815 0.641 

Mode 8 -0.406 0.631 0.100 0.405 0.539 



Chapter 7.Wide-area power oscillation damping control for embedded HVDC link 

 
153 

 

0 5 10 15 20
0

50

100

150

200

250

(s)

T
C

S
C

 P
o
w

e
r 

(M
W

)

 

 

No damping control 

With PSS-based damping control

a)

0 5 10 15 20
-20

-15

-10

-5

0

5

10

15

20

(s)

D
a
m

p
in

g
 s

ig
a
n
l 

(M
W

)

b )

 

a) Active power on the TCSC with /without damping control b) Damping control signal  

0 5 10 15 20
0

20

40

60

80

100

120

(s)

L
in

e
 3

 (
M

W
)

c )

0 5 10 15 20
-1

0

1

2

3

4

(s)

 G
2
 -

 R
o
to

r 
an

g
le

 (
d
e
g
)

d )

 

c) Power on Line 3 d) Generator 2 rotor angle oscillation with /without damping control 

0 5 10 15 20
-25

-20

-15

-10

-5

0

5

10

15

(s)

 G
3
 -

 r
o
to

r 
an

g
le

 (
d
eg

)

e)

0 5 10 15 20
-30

-25

-20

-15

-10

-5

0

5

(s)

 G
4

 -
 r

o
to

r 
an

g
le

 (
d

e
g

)

f )

 
e) and f) Generators 3 and 4  rotor angle oscillation with /without damping control 

Figure 7.6: The effect of the TCSC damping controller on the system stability 
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7.8 Impact of the sharing of active power on the AC and DC 

lines  on  the system small-signal stability  

The impact of sharing active power flows between the DC link and the AC lines on the 

movement of poorly damped inter-area oscillation modes was investigated prior to 

adding any damping controller to the HVDC control scheme using the test system 3. It 

was observed that as the active power on the DC link is gradually increased from 

600MW to 1.2GW and more power is pushed from the AC lines to the DC link the 

synchronising and damping ratio of oscillatory modes are increased as shown in 

Figure7.7, which consequently results in improving the dynamic stability of the 

network. Also, as can be seen in Figure 7.8 that the frequency of the poorly damped 

oscillatory mode increases by increasing the power flow on the HVDC link.  
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Figure 7.7: Impact of the HVDC link power flow variation on the damping ratio of the 

oscillation mode 
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Figure 7.8: Impact of the HVDC link power flow variation on the damping ratio of the 

oscillation mode 
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7.9 Design of supplementary power oscillation damping control 

for the CSC-HVDC link (study case on small test system) 

Performance of both PSS-based and MLQG-based supplementary damping controllers 

for the HVDC link are investigated and presented in the following sections. Also, the 

requirements for the design of model-based MLQG damping controller is discussed in 

next section. 

7.9.1 Requirements for the MLQG-based damping controller for the HVDC 

link 

The MLQG controller design method is a model-based design approach and requires a 

linear model of the system, which correctly captures the dynamic properties of the power 

system under control. NG utilises PowerFactory as a simulation tool for power system 

modelling and performing off-line security studies. However, PowerFactory doesn’t 

provide the linearised model of the system. This limits the capability of PowerFactory for 

the design of the controller [141]. The PowerFactory and Matlab interface capability is 

therefore, implemented in order to utilise the available system identification algorithm in 

Matlab to obtain the linearised model of the system for the design of the MLQG damping 

controller. With having the linear model of the system, the linear analysis methods, which 

are standard functions in the analytical tool, can be implemented for the investigation of 

low frequency oscillation in power systems. The system identification method, which is a 

measurement-based approach, estimates the low-order, linear, mathematical models of 

the dynamic systems from the measured input-output data [168][169]. Various 

identification algorithms are available for the identification and construction of the 

system’s linear model. For example, the state-space identification algorithm, which 

provides the system model in linear state-space form, as given in (F.2.2) in Appendix F, 

is a common and reasonable approach to model a large power system around its operating 

point. The resultant linear model captures the critical modes of the original nonlinear 

system, which can be implemented for the damping controller to enhance system 

dynamic stability. Since the estimated linear model of the system is based on the obtained 

WAM outputs, resulting from the response to the injected low-level band-limited input 

signals, the selection of input and outputs signals and the validation of the estimated 

model are considered as the main steps in obtaining the linear model of the system using 

the system identification approach [59][170]. 
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7.9.1.1 Selection of signals for system identification  

Not only the appropriate selection of input and output signals is essential in the accurate 

estimation of the system model, but also, the selection of suitable stabilising input signals 

is critical in the design of any damping controller. Since the design of the damping 

controller is based on the modulation of the actuators’ active power set-point, the 

controllable input of actuators such as the HVDC link’s active power set-point is 

considered as an input point to inject the input signal. A probing signal such as a Pseudo 

Random Binary Sequence (PRBS), which causes low disturbances to the power system, 

is selected for the input signal. The signal amplitude has to be chosen high enough to 

sufficiently excite the critical modes yet keeping the responses within the linearisable 

zone of the operating condition [171][100]. The system response to the injected signal is 

selected as the output signal for system identification. This selected output could be 

WAM tie-line flows, bus voltage phase angles or bus frequencies at various points, which 

give a high observability of the inter-area modes compared to local signals. However, the 

frequency difference is a better option since its value is independent of the system 

operating point and consequently the estimated model will show more robustness [168].   

7.9.1.2  System model validation and reduction 

The identified linear model needs to be validated through a step response test against the 

actual measurements in PowerFactory DIgSILENT. This is done by comparing the 

response of the estimated model with the response of the actual model of the system in 

PowerFactory to another set of un-correlated probing PRBS signals different from the 

original PRBS signal used for system identification. Another key factor in system 

identification is the selection of a suitable system order. The singular value 

decomposition is used as a means to select the best model order. The singular value 

corresponding to order (n) is a measure of how much the (n
th

) component of the state 

vector contributes to the input-output behaviour of the model. A good choice of model 

order ‘n’ is one where the singular values to the right of the selected order are small 

compared to those to the left [172]. To evaluate the fitness of the identified model the 

following fitness value equation presented in (7.13) can be used. 
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(7.13) 

Where y is the measured output, y is the simulated output and y  is the mean of the y 

over the simulation period [170]. A description on procedure and steps of the system 

identification routine to identify the linear model of non-linear systems is provided in 

Appendix D. 

 

7.9.2  Linearised model of the test system using system identification 

The four-machine test system shown in Figure 7.4 is used to investigate the performance 

of both PSS and MLQG-based damping controllers. As detailed in the previous section, 

the linear model of the system is required for the design of the MLQG. Therefore system 

identification is applied in MATLAB/Simulink to derive the state-space model from the 

input-output measurements. As the first step of the identification process, the appropriate 

input and output signals are selected. A  PRBS-based probing signal, shown in Figure 

7.9.a, is given to the active power set-point of the HVDC link as the input signal. 

 The amplitude of the input signal is selected to be high enough to excite the critical 

modes. The amplitude of the chosen signal should not result in high variation in the 

active power set-point of the HVDC link.  The selected input signal and response of the 

system to that (such as generator's rotor angle oscillation) is presented in Figure 7.9.b.  

Also, as explained in section 7.9.1.1, the frequency difference between two areas is 

chosen as the system output for the system identification. Thus, the measurements from 

the PMUs installed at Bus 2 and Bus 6, shown in Figure 7.4, are collected to be used as 

output signals.  Following the processing of the input/output data to remove any trend, the 

system identification function available in Matlab is applied to obtain a state-space linear 

model of the system.  
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Figure 7.9:  a) The injected signal for system identification, b) System response (rotor 

oscillations) following the injection of the PRBS signal 
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Figure 7.10:  a) Model order selection using the singular value, b) Validation of the estimated 

linear model and actual non-linear system 

 

In addition, an appropriate order of the obtained state-space model is chosen based on the 

log of singular values. The criterion is to select an order where the singular values to the 

right of the selected system order “n” are small compared to those to the left. As 

presented in Figure 7.10.a, the order (8) satisfies this criterion and therefore selected as 

the order of obtained state-space system model. However, in order to reduce the size of 

the controller, the identified model was further reduced to order 6.  Finally, the obtained 

model is validated to ensure that the estimated linear model is a good match for the actual 

non-linear system model using a different set of independent input-output data generated 

by DIgSILENT. Figure 7.9.a shows the un-correlated PRBS signal (green line) 

implemented as a new set of input signal injected to the estimated linear model for model 

validation. As can be seen in Figure 7.10.b the estimated model is accurately identified 

based on the obtained data with a high fitness value of 99.62% calculated using (7.13). 
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7.9.3   Main features of the MLQG  damping controller design    

Firstly, as previously mentioned in section 7.5.2, the MLQG damping controller is 

capable of shifting the oscillatory mode of interest towards the stable part of the complex 

plane by assigning a non-zero value to the corresponding element within the “Qm“ matrix 

without the need for calculation of the participation factor matrix. The higher weighting 

value leads to a larger displacement of the targeted mode. Very high values of “Qm“  

element have to be avoided as this could create instability within the system [166]. 

Secondly the individual robustness of the MLQR and the Kalman filter is lost when they 

are combined together to form the MLQG controller. The Loop Transfer Regulator (LTR) 

procedure at plant input or output is a commonly used method to achieve robustness 

recovery. In this procedure, the LQR is designed first in order to add damping to the 

lightly damped inter-area modes. Then, the Kalman filter is added such that the loop 

transfer function of  KLQG(s) G(s) (where G(s) is plant transfer function and KLQG(s) is 

LQG controller transfer function) approaches the LQR loop transfer function [90][166].  

Figure 7.10 presents the LTR procedure for various values of (q) including 1, 10, and 100 

and 1000. The measurement noise covariance is selected quite low (0.001) to reflect the 

characteristics of high quality PMUs [170][173]. As can be seen in Figure 7.11, for 

q=1000 the LQG controller closely maintains the LQR robustness around the desired 

frequency range of the inter-area modes. The overall structure of MLQG controller and 

the parameters of the designed controller are presented in Appendix C. 
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Figure 7.11.: LTR with different value of q 
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7.9.4   Capability of  the  MLQG and PSS-based  damping  controller for 

the HVDC link 

The model analysis was performed for the test system under the study presented in 

Figure7.4 and the results revealed three electromechanical modes, including two local 

modes and one inter-area oscillatory mode with a damping ratio less than 5%, which is 

shown in Table 7.5. As shown in Figure 7.12, the inter-area mode of the test system is 

unstable (mode 3, shown with the red arrow) and additional damping is required to be 

provided to maintain the system stability. Hence, a supplementary damping controller is 

added to the HVDC link control system to investigate the effect of the damping controller 

on moving the poorly damped oscillatory mode to the left side of the complex plane. 

Both approaches introduced in section 7.5 for the design of a damping controller for the 

HVDC link are implemented.  

TABLE 7.5: Eigenvalues /Modes of the two-area, four-machines test system 

Mode 
  

Effective 

machine 
Eigenvalues 

Damping 

Frequency 
Damping 

Damping 

Ratio 

Mode 1 Local     G1 and G2 -0.49 6.25j 0.99 0.48 0.076 

Mode 2 Local  G1 and G4 -0.486.47j 1.023 0.48 0.073 

Mode 3  Inter-area (IA) IA  0.0023.21j 0.51 -0.002 -0.0008 
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Figure 7.12: Modes of the four-machine test system in complex plane 
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7.9.4.1 Definition of  the study cases to investigate the effectiveness 

of  both designed damping controllers  for the HVDC link  

 In order to investigate the performance, capability and robustness of both the MLQG and 

the PSS-based damping controllers in the enhancement of system stability, two study 

cases are defined. For the first study case the performance of both damping controllers 

and the system responses are investigated following the occurrence of a small change to 

the system. A small disturbance in the system is created to excite the inter-area mode of 

the system by increasing the mechanical torque of generator 2 by 0.01(p.u.) and 

simultaneously decreasing the mechanical torque of generator 4 by 0.01(p.u.). In the 

second study case, the robustness of the damping controllers is examined by applying a 

large disturbance to the test system. A large disturbance in the system is created by 

applying a three-phase fault on line 2.  Prior to performing the above mentioned study 

cases the nominal performance of both damping controllers is investigated by conducting 

a modal analysis with and without damping controllers in service. The impact of  both the 

PSS-based and the MLQG damping controllers on the modes of the system’s frequency, 

damping ratio and damping constant are presented in Table 7.6. Also, the movement of 

the system modes are presented in Figure 7.13, which shows that without implementing a 

damping controller, there is a critical unstable inter-area mode on the right side of the 

complex plane, which has a time constant of 379s. However, following the 

implementation of the damping controller, it is evident from the results presented in the 

plot of poles in Figure 7.13 that both controllers are capable of moving unstable modes to 

the stable side of the complex plane and achieve a damping ratio of higher than 5%. 

 TABLE 7.6: Impact of the damping controllers on the modes of the system’s frequency , 

damping ratio and damping constant 

System Modes No  damping control PSS MLQG 

D
a

m
p

ed
 

F
req

u
en

cy
 

Mode 1 0.995 0.996 0.950 

Mode 2 1.023 1.033 0.994 

Mode 3 0.51 0.59 1.029 

D
a

m
p

in
g
 

R
a

tio
 

Mode 1 0.076 0.0761 0.092 

Mode 2 0.073 0.083 0.077 

Mode 3 -0.0008 0.408 0.074 

D
a

m
p

in
g

 

tim
e
 

co
n

sta
n

t 

Mode 1 2.073 2.071 1.804 

Mode 2 2.083 1.843 2.072 

Mode 3 379.59 0.599 2.0727 
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Figure 7.13: Damping of system poles with and without damping controller 

 

In addition, as can be seen from the results in Table 7.6, both controllers increase the 

system modes’ damping ratio and damping frequency. However, the MLQG controller 

shows more effectiveness on local mode1 and increases the damping ratio of mode 1 

from 7% to 9% whereas; the PSS controller is hardly effective on mode1. On the other 

hand, the PSS damping controller is more effective on damping mode 2 and mode 3.  This 

is because the PSS damping controller is tuned based on a poorly damped mode of 

interest which is inter-area mode 3.  Whereas in the MLQG design method, weighting 

factors not only affect the poorly inter-area damped mode of interest, but also affect all 

local modes in the system. Therefore, the performance of the MLQG can be improved if 

the weighting is only given to oscillatory inter-area modes of interest in order to achieve 

targeted damping for the critical inter-area system modes [166][146]. 

7.9.4.2 Simulation results on the performance of the PSS-based and 

MLQG-based damping controller (study case1) 

 The system responses including the generator rotor angle oscillation, frequency 

differences between busbar 2 and 6 and active power in line 3 to a small disturbance with 

and without implementing a damping control are presented in Figure 7.14.  Following the 

occurrence of a small change in the system without damping controller the system is 

instable as shown in Figure 7.14.a,d,e,f (grey dotted lines). However, with the designed 

MLQG and PSS-based damping controllers installed, the system oscillation damping is 
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improved significantly; particularly the inter-area mode 3 achieves very good damping. 

However, the simulation results confirm that the PSS-based controller provides slightly 

better performance with regard to improving inter-area oscillation damping when the 

system is subjected to a small disturbance. 
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Figure 7.14: Comparative study on performance of PSS and MLQG damping controller, system 

response with/ without damping controller following a small disturbance 
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7.9.4.3 Simulation results on the performance of the PSS-based and 

MLQG-based damping controllers (study case 2) 

Similarly, the system responses to a large disturbance with/without implementing a 

damping control are presented in Figure 7.15.   
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Figure 7.15: Comparative study on performance of PSS and MLQG damping controller, 

system response with/ without damping controller following a large disturbance 
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It is evident from the results that both MLQG and PSS-based damping controllers 

improve the damping ratios of the oscillatory modes significantly. Also, the simulation 

results demonstrate that both damping controllers are robust and remain effective in 

providing oscillation damping following the occurrence of a large disturbance such as a 

3-phase fault. However, the PSS-based controller displays a slightly better performance 

with regard to improving the inter-area oscillation damping as it is merely tuned for 

poorly damped inter-area mode 3. The damping constant for various system variables 

such as power flow on the AC and DC lines, generators rotor angle and frequency are 

presented in Figure 7.16. It is clear that with implementation of damping controllers all 

the variables’ oscillation are settled in less than 12s which implies  that  the performance 

of both controllers meet the SQSS requirement of 12s damping constant. However, in 

overall, the PSS-based damping controller with more focus on damping mode 3 achieves 

better damping constant for all variables. For example the generator 2 rotor angle 

oscillation is settled and reached the steady state point within 10.5s with the PSS 

damping controller and within just 10.8s with the MLQG controller. The level of 

modulation of the DC link presented in Figure 7.15.a,  which shows that following the 

initial swing after the disturbance, only small levels of modulation are required to 

efficiently stabilise the unstable oscillatory AC network. It is important to note that in 

both the above-presented study cases no communication delay has been included. This is 

to reduce complexity for the purposes of the initial assessment into the feasibility of using 

supplementary MLQG damping controller for the DC links. 
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Figure 7.16: Damping constant for various system variables following a large disturbance  
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7.10   Capability of the West Coast  HVDC link’s damping 

controller in the system stability improvement (Study case on the 

full GB transmission system model) 

The impact of sharing active power flows between the DC link and the AC lines on the 

movement of poorly damped inter-area oscillation modes is investigated in section 7.8 

and results show that as the active power on the DC link is gradually increased and 

more power is pushed from the AC lines to the DC link the synchronising and damping 

ratio are increased, which accordingly results in improving the dynamic stability of the 

network.  In addition, the application of supplementary power oscillation damping 

control for the HVDC link to mitigate the oscillation of inter-area modes is 

demonstrated on the simple test system. It is observed that modulation of the HVDC 

link’s DC current can improve damping of the system oscillation following a 

disturbance.  Further to the above studies on the simple test system, the capability of the 

future embedded West Coast HVDC link in system oscillation damping is investigated 

using the full model of the future GB transmission system described in section 7.6.2. 

7.10.1   Inter-area oscillation studies  using the full GB transmission 

system model  

The assessment on the inter-area power flow on  the transmission lines connecting the 

Harker and Hutton substations revealed the existence of low frequency inter-area 

oscillatory modes [99]. The location of the selected Harker –Hutton line, which is used 

for monitoring the inter-area oscillations, is presented in Figure 7.19.  In order to excite 

the inter-area oscillatory mode in the GB power system, a large disturbance such as a 

100ms 3-phase short-circuit fault was initiated on a critical transmission line, this is 

described in detail in the next section. Also, the rotor angle oscillations of some large 

generators across the network between England and Scotland are monitored in 

simulation to observe the inter-area oscillations between the England and Scotland 

networks (this occurs when the group of generators in Scotland are swinging against the 

generators in England). Moreover, frequencies at points where wide area input signals 

for the damping controller are obtained are monitored in off-line studies. In this study 

case, the HVDC link is scheduled at 1.9GW in order to reserve its overload capability 

to be implemented for DC current modulation. The location of monitored generation in 

off-line stability studies and the location of where the input signals used for the design 

of power oscillation damping controller are presented in Figure 7.17. 
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Figure 7.17: GB transmission system including embedded West Coast HVDC link presenting 

the location of generators monitored for the inter-area oscillation assessment and location of 

required damping controller’s input signal on the GB transmission system 

 

All the  wide-area data/signals used for design of the West coast HVDC link damping 

controller such as active power on the line connecting Harker to Hutton, damping 

controller’s input signal  and frequency of monitored generators across the B6 boundary  

are shown in Figure 7.17 are required  for real-time inter-area damping assessment. 

This data can be obtained from the Wide-Area Monitoring and Control Centre 

(WAMCS), which receives the installed PMUs data across the networks [99]. 

Currently, there are twelve PMUs in the synchronized data acquisition system. Two 

PMUs are installed in the 400kV substations Harker (HARK) and Hutton (HUTT) 

which could provide the active power on the transmission lines connecting the 

substation at Harker (HARK) and Hutton (HUTT).  Also, more PMUs are required to 

provide frequency or speed of monitored generators across the B6 boundary [161]. 

However, for the purpose of this study to investigate the capability of the HVDC link’s 

damping controller in mitigating the inter-area oscillation, the off-line stability analysis 

is conducted using the PowerFactory simulation tool. Therefore, for small signal 
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stability studies, generators’ rotor angle and damping controller’s input signals are 

monitored in simulation. 

 

7.10.2  Structure of the PSS-based damping controller for the bipole West 

Coast  CSC-HVDC link 

The PSS-based damping controller design approach is selected for the design of a 

supplementary damping controller for the Western HVDC link due to its simplicity in 

design and the fact that it performs better in the case of single mode oscillations. Thus, 

a PSS-based damping controller is added to the current controller at the rectifier side of 

both poles of the Western HVDC link. As previously mentioned, the selection of the 

controller’s input signal is critical in the design of an effective damping controller to 

ensure the maximum observability at dominant oscillation mode for the selected input 

signal. Also; research shows that wide area signals have proven to be more effective in 

the design of power oscillation damping control [146][174]. Therefore, following a 

sensitivity assessment, the frequency oscillations at Hunterston and Deeside 

substations, which allow clear observation of the inter-area mode, are given as input 

signals of the damping controller. In future, these signals can potentially be obtained 

from the PMUs installed at converter stations. It is important to note that at this stage 

no signal latency is considered in this study. The output signal of the damping 

controller is given to both poles of the HVDC link to modulate the DC current on the 

HVDC link. The overall structure of the HVDC link’s supplementary control is shown 

in Figure 7.18.  It can be seen that the damping control signal generated by the damping 

controllers is added to the current references of the rectifier controllers (Porder) to 

dynamically modulate the DC power. Also, as Figure 7.18 indicates, all generators’ 

PSS in the network model are  kept in service in order to have a practical scenario[147].   

In this study, the parameters of the HVDC supplementary damping controllers, which 

are provided in Appendix E, were determined by modal and residue analysis [164]. 
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a) Structure of supplementary PSS-based damping controller for the Bipole CSC-

HVDC link 
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 b) PSS-based damping controller for the CSC-HVDC link with respect to local generators’ 

PSS 
Figure 7.18: Supplementary damping controller for the Bipole CSC-HVDC link 
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7.10.3  Definition of  the study cases to investigate the effectiveness of  the 

HVDC link’s damping control ( using full GB transmission system mode l) 

As previously mentioned, a 100ms 3-phase short-circuit fault is initiated on a critical 

transmission line to excite the inter-area oscillatory mode in the GB power transmission 

corridor between SPTN and NGETN. Faults on two double circuits, shown in 

Figure7.19, have been identified as the most critical faults, which could lead the system 

to instability depending on the level of power transfer on the B6 boundary, outage 

pattern and system arrangements.  The first critical route is the double circuit 

connecting Torness and Eccles (fault on this line denoted as F1) and the second route is 

the double circuit connecting Eccles, Blyth and Stella West (fault on this line denoted 

as F2). As the double circuit connecting Stella West and Eccles is carrying more power 

at pre-fault compared to the double circuit connecting Torness and Eccles, F2 is 

considered as a more critical fault compared to F1. The locations of these faults on the 

network are presented in Figure 7.19. It is important to note that the impact of faults 

close to the West coast HVDC link have not been considered in this study. 

Two study cases representing two different system operating points with different 

power transfers on the B6 boundary at each point are set up.  In study case1, which 

represents operating point 1, the power transfer on the B6 boundary is 4.5GW including 

1.9GW power on the DC link, whereas in study case2, which represents operating 

point2, 4.7GW of power is transferred on the B6 boundary including 1.9GW power on 

the DC link. For both cases, the system dynamic responses and effectiveness of the 

West Coast HVDC link’s damping controller in improving the system oscillation 

damping have been examined following the occurrence of fault F1 and F2 on the 

identified critical lines. It is important to note that these cases are defined for the intact 

system.  
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Figure 7.19: Location of line monitored for inter-area assessment         and location of faults 

simulated on the GB transmission system in study case1 and study case 2 

 

In summary, the following study cases are explored to investigate the effectiveness of 

the West Coast HVDC link’s damping controller with regard to system stability 

enhancement at various operating points: 

 Study case 1: investigates the effectiveness of the West Coast HVDC 

link’s  damping controller at operating point 1 with lower power transfer across 

the B6  Boundary when the following faults occurs: 

 Study case 1.1: 3-phase Short Circuit (SC) fault (F1) occurs on circuit 

connecting  Torness and  Eccles  

 Study case 1.2: 3-phase SC fault (F2) occurs on the double circuit 

connecting Eccles, Blyth and Stella West, which is considered as the 

most onerous fault. 
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 Study case 2: investigates the effectiveness of the West Coast HVDC 

link’s damping controller at operating point 2 when following faults occurs : 

 Study case 2.1:   3-phase SC fault (F1) occurs on the circuit connecting 

Torness and Eccles  

 Study case 2.2:  3-phase SC fault (F2) occurs on the double circuit 

connecting Eccles, Blyth and Stella West, which is considered as the 

most onerous fault.  

 

7.10.4   Simulation results and analysis on  study case 1 

Figure 7.20 and Figure 7.21 show the dynamic response of the system with and without 

the HVDC link’s damping controller following two severe faults occurrence where the 

B6 transfer is at operating point 1 at pre-fault. The dynamic responses presented in the 

simulation results include active power on the AC line, frequencies (where damping 

controller input signal are obtained) and a couple of generators’ rotor angles across the 

B6 boundary for both study cases. Furthermore, Figure 7.20 presents the dynamic 

response of the system with and without the HVDC link’s damping controller following 

occurrence of F1. This is where the B6 transfer is at operating point 1 at pre-fault (study 

case 1.1). In addition, the impact of limitation on modulation capacity of the HVDC 

link is investigated in study case 1.1. The simulation results presented in Figure 7.20 

compare the effectiveness of the damping controller when using various allowances on 

the HVDC link capacity for the modulating damping control signal. The red curves 

show 10% limit on the HVDC link capacity and blue curves show 25% limit on HVDC 

link capacity for modulating the power oscillation damping control signal. This is in 

line with the available HVDC link overload capability which is 20% to 25% of the 

HVDC link maximum capacity. In a practical installation, the limit of available 

modulation capacity will be determined by the system operator based on the physical 

and technical limitation of the HVDC link. Nevertheless, from simulation results, it is 

clear that a higher allowance for modulation capacity (blue curves) improves the 

oscillation damping more effectively. Also, it is observed that when the power transfer 

across the B6 boundary is low, the HVDC damping control is only marginally effective 

on improving system oscillation damping.  
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Figure 7.20: Study case 1.1:  Response of the full GB transmission system with/without 

damping controller following occurrence of F1 when B6 transfer is at point 1 

 

Similarly, the dynamic response of the system with and without the HVDC link’s 

damping controller following occurrence of F2 is shown in Figure 7.21.  This is where 

the B6 transfer is at operating point 1 at pre-fault (study case1.2). In this study, the 

damping control signal is limited to 25% of the modulation capacity.  

It is observed that power oscillation damping control is more effective following the 

occurrence of F2 compared to F1 when the B6 transfer is at lower transfer limit of 

point1.  
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 Figure 7.21: Study case 1.2:  Response of the full GB transmission system with/without 

damping controller following occurrence of F2 when B6 transfer is at point 1 

 

7.10.5  Simulation results and analysis  on  study case 2 

Figure 7.22 and Figure 7.23 show the dynamic response of the system with and without 

the HVDC link’s damping controller following a severe fault occurrence where the B6 

transfer is at operating point 2 at pre-fault. Similar to study case 1, this includes the active 

power on the AC line, frequencies for input signal and couple of generators’ rotor angle 

across the B6 boundary for second study case. 

The dynamic response of the system with and without the HVDC link’s damping 

controller following occurrence of F1 is presented in Figure 7.22 (study case2.1). Also, 

the dynamic response of the system with and without the HVDC link’s damping 

controller following occurrence of F2 is presented in Figure 7.23 (study case2.2). 

 It can be seen that, at operating point 2, the damping controller is even effective for F1 

whereas at point 1 the damping controller is only effective for F2 and has almost no 

impact in case of the F1 occurrence at point 1.  
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 Figure 7.22: Study case 2.1:  Response of the full GB transmission system with/without 

damping controller following occurrence of F1 when B6 transfer is at point 2 
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 Figure 

7.23: Study case 2.2:  Response of the full GB transmission system with/without damping 

controller following occurrence of F2 when B6 transfer is at point 2 
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7.10.6   Discussion on effectiveness of the West Coast HVDC link damping 

controller at various operating points 

Performance of the West Coast HVDC link damping controller at operating point 1 and 

point 2 with various transfer limits on the B6 boundary following the occurrence of F1 

and F2 are presented in Figure 7.24 and Figure 7.25 respectively based on the 

generators’ delta damping constant, which is the difference between the generators 

damping constants with and without the implementation of the damping controller at 

each operating point. 

G A G B G C G D G E
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

D
e
lt

a
 d

a
m

p
in

g
 c

o
n
st

a
n
t

 

 

Operating Point2  With F1

Operating Point1  With F1

 

Figure 7.24: Comparison of damping controller effectiveness at operating point 1& 2 when F1 

occurs 
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Figure 7.25: Comparison of damping controller effectiveness at operating point 1& 2 when F2 

occurs 

In both Figure 7.24 and Figure 7.25, it can be seen that the difference between the 

generators damping constants with and without a damping controllers are higher at 

operating point 2 (dark blue bars) compared to point 1(light blue bars) with either F1 or 

F2 faults. This implies that the power oscillation damping controller is more effective 

when lines are operated at a higher power transfer level (dark blue bar) compared to 
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lower power transfer level at point1. However, as can be seen in Figure 7.25 when a 

fault is more onerous such as F2 the damping controller is more effective and the 

difference between the generators damping constants with and without damping 

controllers are higher compared to the case when F1 occurs. In summary, it is observed 

that at the higher transfer level of point 2, the damping controller is even effective for 

the less onerous fault of F1 whereas at lower transfer level of point 1, the damping 

controller is only effective on the more onerous fault of F2 and has almost no impact in 

the case of the F1 occurrence at point 1.  

 

7.11 Comparative study on effectiveness of a range of supportive 

control actions for stability enhancement 
7.11.1  Introduction to smart demand control and generator inter-trip 

For comparison purposes, another two methods explored in this Chapter include a smart 

demand controller and a generator inter-trip. This study also shows how a generator 

inter-trips and demand management schemes can improve power system stability. 

Smart demand management involves new communication technologies to make sure 

actions can be fast enough to prevent instability situations. The study presented in this 

Chapter uses Power Transfer Distribution Factor (PTDF) to set up an algorithm that 

will switch on and off demand in an effective way [175]. 

Inter-trip of a generator is an automatic action that will trip the selected generator to 

release the system overload and stability issues [176]. This inter-trip service is normally 

operated through protection and is used to increase transmission capacity. [177][176]. 

7.11.1.1 Generator inter-trip 

Generation inter-trip is a conventional technology that is used by TSOs to alleviate 

overload and improve system stability. It is a protection controlled automatic action that 

will disconnect a selected generator and solve system thermal overload, voltage and 

stability issues and improve system security. As specified in the connection agreement, 

TSOs can ask generators to select their contracted machines to be armed to inter-trip to 

attain a more secure situation at post-fault/disturbance. Should the fault happen, the 

selected generator circuit breaker will open in a specified time [177]. This service is 

also known as generation curtailment. 
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7.11.1.2 Smart demand control 

With the improvement of communication technology, demand in the future will be 

more flexible. It will be either from domestic or industry, for example electric vehicles 

[178][179] and smart fridges. As explained further in the study presented in [175], 

demand can be managed and dispatched pre-fault and post-fault. The best way to 

choose the most effective demand to dispatch is the PTDF methodology. The smart 

demand controller with the PTDF algorithm can be used to dispatch demand according 

to different geographical areas depending on different faults. 

As demonstrated in paper [175], demand changes on different locations have a different 

impact on system security. The effectiveness of demand for a certain fault can be 

calculated and used as a ranking algorithm for different demand control selection. The 

demand sensitivity can be calculated as follows; 

load

line

P

P




  (7.14) 

load

line

Q

Q




  (7.15) 

 and  are defined as the sensitivity factors to manage demand in a certain area. lineP  

is the MW change in affected circuits, loadP is the MW demand change in the certain 

area. Similarly lineQ is the Mvar change in affected circuits. loadQ is the Mvar demand 

change on the certain area. 

Before starting any demand management, smart demand control management will rank 

the demand selection sequence according to sensitivity factors. For this study only 

active power is used to calculate sensitivity factors. For this logic, the ranking sequence 

should follow the absolute value of the sensitivity. However if the sensitivity factor is 

positive, it means reduce/switch off demand is improving the stability situation. If the 

sensitivity factor is negative, it means increase/switch on demand is improving the 

stability situation [175]. Hence the smart demand controller will switch on or off 

demand according to the location of the fault to get a more effective result. 
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7.11.2   Simulation results and analysis on the effectiveness of introduced 

supportive control actions (comparative study)  

As discussed in the previous section, at any power transfer level on the B6 boundary, 

following a double circuit fault, the remaining AC tie-lines across the B6 boundary 

must remain stable. Based on the SQSS, this implies that no generation should pole slip 

and an oscillation must be damped and settled within 12s, otherwise power transfer 

must be reduced to the point where system security is maintained [15]. To achieve that, 

a range of post-fault actions such as conventional generation inter-trip and smart 

demand management can be taken to assist with maintaining system stability.  Also, the 

HVDC link can provide additional supportive control actions to enhance both transient 

stability and power oscillation damping using various control schemes, such as the 

supplementary damping controller or the set-point adoption of the HVDC links at the 

post-fault. The application of the HVDC link’s set-point adoption in stability 

enhancement is presented using the SR control design method for the design of 

secondary control. The main reason to implement a SR controller for the HVDC link’s 

set-point adoption at post-fault is due to the fact that the SR controller can be extended 

to a MIMO controller, which has the capability of co-ordinated control of various 

power flow control devices in the power system. However, in this study, only the 

performance and robustness of a SISO SR controller in stability improvement at post-

fault is demonstrated. 

Finally, in this study, a comparative study is performed to investigate how and to what 

extent each action is capable of improving system stability and consequently enhancing 

the power transfer limit on the Scottish boundary by releasing the existing network 

capacity. The dynamic response of the system at operating point2 following the 

occurrence of F2 is presented in Figure 7.26, which includes power flow on one of the 

AC lines close to the boundary, frequency at Hunterstone where the damping controller 

input signal is obtained and a couple of generators’ rotor angle across the B6 boundary. 

It can be seen from Figure 7.26 (red graphs) that without any control, the magnitudes of 

the power swings are relatively large following the clearance of the above-mentioned 

fault. Whereas, system oscillation damping can be considerably improved at post-fault 

by implementing a range of supportive post-fault actions such as generation inter-trip, 

smart demand control, HVDC link’s set-point adoption and HVDC link’s damping 

controller. 



Chapter 7.Wide-area power oscillation damping control for embedded HVDC link 

 
182 

As presented in the Figure 7.26, the green curves show the dynamic response of the 

system including the generators’ rate of change of rotor angle following a generation 

inter-trip of 600MW. The first swing curve has been improved considerably and system 

damping is also improved slightly.  

The pink curves show the dynamic response of the system including the generators’ 

rotor angle rate of change for 600MW demand side management. By using the 

algorithm of smart demand control, for this fault, negative demand has a better 

effectiveness. Hence for this fault, the smart controller has switched on the negative 

demand according to the ranking sequence. The assumption of the speed to switch on 

demand through the smart demand controller is 1s, where it can be found that the rotor 

angle of the pink curve is similar to the red curve (no action curve) at the beginning of 

the fault and 1s later, it starts to improve the first swing situation and the system 

damping has also been improved with the smart demand control.  It is evident that 

generator inter-trip and smart demand control have achieved the task of improving 

system stability, and it also helps with the system oscillation damping. However, there 

is a cost associated with these actions. 

 Alternatively, the loss of the AC line can be compensated using the HVDC link’s set-

point adoption. The generators’ rotor angle responses (blue graph) clearly show that the 

HVDC links set-point adoption can improve both first swing and oscillation damping 

following a fault occurrence. Also, it can be seen in Figure 7.26 (blue curves), that the 

response of the system following the HVDC link’s set-point adoption is very similar to 

the generator inter-trip with providing slightly better damping.  

Furthermore, in comparison, it can be seen in Figure7.26 (black graph) that the HVDC 

link damping controller presents the best performance by providing better damping at 

post-fault. The damping constant has reduced significantly. To achieve this, a dynamic 

variation of up to 25% of HVDC capacity is used, which is well within the short term 

rating of the HVDC link. 
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Figure 7.26: Response of the full GB transmission system following a fault occurrence using 

various supportive actions 



Chapter 7.Wide-area power oscillation damping control for embedded HVDC link 

 
184 

7.12  Concluding remarks 

Low frequency oscillations have been a cause for concern for many large power system 

networks as well as the GB transmission system. Thus, firstly an overview and history of 

the dynamic instability issue in the GB transmission system is provided. Then the 

Chapter proceeds with presenting the fundamentals of model analysis, which is required 

for identification of the oscillatory mode of the system and the design of the 

supplementary oscillation damping controller for the upcoming HVDC link and TCSC 

devices. Two approaches with different design requirements have been presented 

including the PSS-based and the MLQG damping controllers. Also, the structures of both 

controllers are described in this chapter. 

The linear state-space model of the system is required for the design of the MLQG 

damping controller. Therefore the system identification method is introduced and 

implemented to obtain the linear model of a system that maintains the key oscillatory low 

frequency mode of the system. To implement this algorithm the interface between Matlab 

and PowerFactory introduced in Chapter 4 is implanted. 

Two comparative study cases on the performance of both damping controllers are 

presented using a simple test system. The results show that both controllers are 

significantly effective on improving the system oscillation damping. The PSS-Based 

damping controller has proven slightly more effective on inter-area mode of oscillation as 

it is tuned only for the inter-area mode of oscillation. However, the MLQG performance 

also met the SQSS damping requirement and achieved damping ratio of more than 5% for 

the inter-area mode of interest. It is important to note that the MLQG damping controller 

has advantage over the PSS-based controller due to the fact that it can be expanded to a 

multivariable controller. Therefore in the case of the damping controller for VSC-HVDC 

link, it can make an effective use of the multiple points of controlled power injection 

available in VSC-HVDC link to provide a significant method of stabilising system 

oscillations. 

Following the demonstration of the effectiveness of the HVDC link’s supplementary 

control in system oscillation damping using a small test system, further comparative 

investigation has been conducted into the capability of the West Coast HVDC link in the 

system inter-area oscillation damping using the full GB transmission system model. Two 

study cases, which explore the performance of PSS-damping controller for the West 



Chapter 7.Wide-area power oscillation damping control for embedded HVDC link 

 
185 

Coast HVDC link at different operating points with various power transfers across the B6 

boundary have presented. The results revealed that the HVDC link damping controller is 

more effective when there are higher power transfer across the B6 boundary. Also, the 

location of the fault has an impact on the level of effectiveness that can be obtained from 

the HVDC link supplementary damping controller. 

Finally a comprehensive comparative study with regard to the effectiveness of a selection 

of supportive control actions to ensure system stability during the immediate post-fault 

period is performed in this Chapter. These control actions comprise the set-point adoption 

of the embedded HVDC link that involve the fast ramp-up capability of the HVDC link, 

supplementary power oscillation damping control for the HVDC links, smart demand 

side control and conventional generation inter-trip schemes. Results demonstrated that the 

HVDC link damping controller presents the best performance and provide better damping 

at post-fault compared to the other control schemes. 
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Chapter 8  

Conclusions and Further work 

 

8.1  Summary and conclusions 

 

This Chapter summarises and brings together the main contributions and advances that 

have been made in this research and presented in this thesis.  

The motivation and drive for the research presented in the thesis were outlined in detail 

in the first Chapter, as stemming from the fact that a substantial amount of change  

needs to be implemented to the GB transmission system in order to accommodate the 

forthcoming renewable generation and meet the climate change legislation enforced 

from both by UK Government and EU [1][2][3]. 

According to the Future Energy Scenarios, since the majority of the new wind 

generation will be in Scotland and offshore in the UK as a whole, there will be an 

immense increase in the power export from Scotland resulting in the exceeding of the 

maximum capability of the existing network and consequently being non-compliant 

with the requirements of the NETS SQSS. There will therefore, be a significant increase 

in the power transfer capability requirement across the Anglo-Scottish boundary (B6 

boundary). This  is currently stability-limited to approximately 2.2GW and at present 

managed by limiting the power transfer across this boundary [131]. For that reason, 

more state-of-the-art transmission technologies such as embedded HVDC links and 

TCSC are planned to be deployed within the existing AC transmission system to 

provide additional capacity and raise the boundary limit up to its thermal limit.  

Ultimately, such power flow controller devices could potentially affect the system 

stability. Also, as the network in this area is now congested with many types of new and 

automatic control devices, there is a potential risk of interaction between these various 

control devices. Therefore, without the development of a supervisory stability control 

system much of the potential advantages of these costly individual reinforcements to 

enhance the AC systems stability could bring much less benefit than expected. 

Consequently, this will result in constraining the output of the renewable energy 
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sources. For that reason, a stability control scheme is needed at transmission system 

level to ensure optimum dynamic performance in providing stability support to the main 

AC power system using the HVDC link and the co-ordination of power flows in such an 

integrated large power system [152]. 

In addition, although the embedded HVDC link will add to the current transmission 

capacity, identification of their optimal operational points requires further investigation. 

It is also essential to consider smarter ways of operating the transmission network and 

gaining additional benefit, in view of the system operator, from the future DC links’ 

capability with regard to  system stability enhancement in order to meet the growing 

challenge of accommodating large amounts of variable wind power generation [147].  

Chapter 2 presents a comprehensive review conducted on past research surrounding the 

issue of power system stability and the latest proposed solution for stability 

enhancement using the HVDC link and TCSC. This is done through the deployment of 

various controller design methods and implementation of various control schemes and 

strategies. 

This completed evaluation represents the first contribution of the thesis which reveals 

that hardly any of these methods proposed in past researches has looked into the 

scalability, difficulty and mostly the requirements for implementation of these proposed 

controllers in a large practical network. 

This thesis in Chapter 3 covers and reviews the modelling of the large-scale CSC- 

HVDC link, which could be used for stability studies and analysing complex system 

dynamic behaviour. DIgSILENT PowerFactory is used as the main simulation tool for 

developing power system models including test study systems and HVDC link’s control 

systems.  

Besides the intensive and economical capability of PowerFactory in power system 

modelling and analysis, the other driving factor in choosing it as  a  simulation tool was 

that National Grid and both Scottish Power Transmission Network Owners (TOs) in the 

U.K use DIgSILENT PowerFactory as their off-line tool to perform system studies for 

system design, planning and the development of a roadmap of the GB system for 2015 

and beyond [14]. However, this software cannot directly provide all control system 

components required for specific computation or design of a complex control law. 

Therefore, it is sometimes essential to combine two programs so that each could provide 
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particular features either for more detailed modelling or for higher computational 

capability [142].  

As the second original contribution of this research, interfacing between PowerFactory 

and Matlab tools is proposed  and deployed to extend the computational facilities and 

capability of PowerFactory for the implementation of advanced control design methods 

[141]. The overall structure and process of interfacing between Matlab/Simulink to 

PowerFactory is illustrated in Chapter 4.  

In addition, in the same Chapter a framework of strategies for the hierarchical stability 

control system which meets the NG’s requirements at the transmission level is 

proposed. This implies that the proposed framework fits into the NG’s  operational 

business procedures and takes into consideration  other control systems on the NG 

system such as  Energy Balancing System (EBS) , Operational Tripping Scheme (OTS) 

and on-line Stability Assessor (OSA) [136]. 

Following the setting of the overall strategy for stability control and outlying the role of 

each component of the proposed stability control system, Chapter 5 of this thesis 

focuses on the technical developments of a feedback control system. Prior to that, the 

necessity to have a secondary/supervisory multivariable feedback control system for the 

co-ordinated control of power flow control devices on the future GB transmission 

system such as the future HVDC link and TCSC is discussed. This is a results of the 

internal SISO controllers as implemented by manufacturers being typically tuned only 

for a single control variable which is sufficient for cases where the individual controls 

are near ‘optimal’ on their own and variables under control in the system are relatively 

uncoupled. However, the controller will not be able to coordinate several individual 

actuators and control all outputs coherently in the feedback control system. With the 

presence of these interactions the overall system stability and control performance can 

be severely compromised. Interactions in a real system may depend on the system 

operating conditions. Within power systems, planned or unplanned outages may change 

the interactions between control variables and sometimes this can be fairly rapid and 

severe. In these cases control systems designed based on the SISO control will be 

challenged. 

As a third original contribution of this research, a multivariable feedback control is 

designed using a non-parametric control design method. This design method, which is 
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called Sample Regulator (SR) control, is developed for unknown systems and is based 

on their open loop step responses. In contrast to any model based methods, in this 

approach the models are non-structural time responses. Therefore, these algorithms can 

be applied to the design of the controller for large and complex power systems without 

any model simplification required.  

The trade-off to the dimensionality in this non-parametric approach, however, is the 

length of the time series that would be needed to capture a dynamic process. For a 

parametric approach when stability is obtained with simplification it is critical to justify 

its validity to the original system, while in the non-parametric time response approach 

an estimate of the truncation errors can be established with relative ease. Between these 

two approximations, quantifying impacts of structural simplification often can be a 

more open problem than formulating the truncation error from a well-constructed 

sequence  [180]. 

It is important to note that, despite a wide range of model-based control design 

techniques developed and implanted in the latest research, scarcely any of them has 

examined the scalability of the proposed method on the large practical power networks. 

The proposed SR controller is capable of providing coordinated control of the HVDC 

links, TCSC and SVCs at pre-fault as well as providing stability support to the main AC 

system to enhance stability limit at the post-fault. Alongside that, the detail of the 

background theory and main features of the proposed SR design method is presented in 

Chapter 5. The Chapter then focuses on the requirements for the development of the SR 

controller. Hence, the overall structure of the Matlab to PowerFactory interface for the 

design of the SR is presented as an initial part of controller design. The proposed SR 

controller can be implemented as a SISO or MIMO controller. Therefore, further to the 

theoretical development of the SR controller, the performance and capability of both 

SISO and MIMO SR controllers are investigated. Two power system applications, 

including the coordination of the power flow control of the multiple HVDC links (Study 

case 4) and the power flow control of the HVDC link with the SVC’ voltage regulation 

(Study case 5) are presented. The simulation results demonstrated the capability of the 

MIMO SR for the co-ordinated control of the HVDC link and SVC at pre-fault 

condition under a single framework. Simulation results in the case of the coordination 

control of the power flow of the multiple HVDC links (Study case 4) demonstrated that   
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following the change of the set-point of one HVDC link, the interaction and impact on 

the other link is significantly reduced using the MIMO SR control. Whereas with 

individual SISO PI controllers for each HVDC link, the interaction is higher and cannot 

be controlled (Figure 4.b). 

Similarly in the second case (study case 5), it is  evident from the results, that under 

normal operation condition, a step change in the HVDC link’s power flow control 

(Figure 5.a) causes a significant disturbance in the SVC voltage control when the 

system is under the SISO PI control. Whereas the interaction on voltage control is 

reduced using a MIMO SR controls [138]. 

 In addition, the implication of actuators’ characteristic, including HVDC link, SVC and 

TCSC, on the stability control system is investigated in this research. It was revealed 

that, the control design using the HVDC link as an actuator can be more robust for the 

wider operating ranges without needing to re-tune the parameters. In fact the linear 

behaviour presented over the entire increasing operating range of this type of the HVDC 

link demonstrates its advantages compared to other actuators such as the TCSC with 

regard to proposed stability control system.  Also, the robustness of this class of 

Sampled Regulator has been tested at post-fault which confirms that the sampled 

regulators design method is both practical and applicable to power system control even 

when the systems are subjected to severe disturbances. Therefore, by adopting a MIMO 

SR control, the HVDC link can also provide rapid post fault action to pick up the flow 

on the lost AC line and consequently restore system stability. 

Furthermore, as the fourth original contribution of the thesis, the performance of the 

non-parametric time domain, MIMO SR control design approach is further tested for the 

control of various types of control devices including the HVDC link and SVC with its 

associated auxiliary POD function using a full scale model of the GB transmission 

system representing the 2016 future generation scenarios profile. In order to perform 

this study, the current model of the GB transmission system is extended to represent the 

model of future GB transmission system with 2016 demand and generation profile sand 

including the West Coast HVDC link.  Furthermore, the optimal operational strategy for 

the embedded West Coast HVDC link in the GB transmission system with regard to the 

enhancement of the transient stability limit across the B6 boundary is investigated using 

the MIMO SR controller [152]. 
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As discussed further, in more detail in Chapter 7, the HVDC Link can be implemented 

to enhance power oscillation damping as well as assisting with transient stability 

enhancement using a variety of control schemes, such as the supplementary damping 

controller or the post fault set-point adoption of the HVDC links correspondingly. As 

the fifth contribution of the thesis, the capability of the HVDC link in improving both 

transient and dynamic stability is investigated in Chapter 7.  Firstly, the capability of the 

HVDC link in improving inter-area power oscillation damping is investigated and two 

control design approaches including PSS-based and MLQG for the design of a 

supplementary damping controller have been introduced and implemented. These 

control design methods have very different design requirement. For example, the 

MLQG damping control design method is a model based approach and required the 

linear modal of the system. Therefore, system identification is used to derive the linear 

model of the system. The process of the system identification algorithm is also provided 

in this Chapter.  

The main advantage of the MLQG compared to the other control design method such 

LQG method is that its tuning process in order to obtain an exact target damping ratio is 

relatively straight forward through the novel implementation of a modal representation 

of the control design problem. Whereas in the LQG control design method, the 

controller tuning process can become excessively complex within large power systems 

where several generators participate in the critical modes which need additional 

damping. This is because, in this case, the LQG design method requires the 

participation factor analysis in order to identify the electromechanical states involved in 

critical system oscillatory modes and assigning the weightings to these states. However, 

if these states are involved in other modes that do not require further damping, the 

damping of these modes could be affected adversely. This results in a complex and time 

consuming tuning process in which it is often not possible to obtain exact target 

damping factors.  

A comparative study on the performance of both introduced damping controllers is 

presented using a simple test system. The results confirm that both controllers are 

considerably effective on improving the system oscillation damping. The PSS-Based 

damping controller has proven slightly more effective on inter-area mode of oscillation 

as it is tuned only for the inter-area mode of oscillation. However, the PSS-base 

damping controller is considered as single mode damping controller whereas the MLQG 
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damping controller can be extended to a multivariable controller. This property of the 

MLQG damping controller make it a better control design option for design of 

supplementary damping controller for the VSC-HVDC links with the multiple points of 

controlled power injection. 

As the sixth and final contribution of this research further comparative investigation has 

conducted into the capability of the West Coast HVDC link in the system inter-area 

oscillation damping using the full GB transmission system model. The results evidently 

demonstrated that West Coast HVDC link, not only can be implemented for the bulk 

power transfer, but also can be implemented for stabilising action within power 

systems. Also, The initial studies presented have shown that with the installations of 

supplementary damping control for the HVDC link, various factors such the operating 

conditions, level of transfer across the B6 boundary, level of s allowances on the HVDC 

link capacity for modulating damping control signal and location of the fault can all 

effect on the performance of the HVDC link supplementary damping control and 

consequently on the damping of oscillatory modes. Thus, these details may require 

cautious analysis and real-time monitoring, particularly when critical modes are near the 

stability margin. 

In addition, a range of advanced and economically efficient assistive control actions 

including the set-point adoption of the embedded HVDC links using the SR control 

design method (which involve the fast ramp-up capability of the HVDC link),  

supplementary power oscillation damping control for the HVDC links, smart demand 

side control and conventional generation inter-trip schemes has been introduced and 

their effectiveness in releasing the latent network capacity have been investigated using 

the full model of GB transmission system. It was demonstrated based on studies 

performed on the full dynamic model of the GB transmission system that the proposed 

transient supportive actions/schemes could improve the overall system stability and 

potentially improve the limit on the B6 boundary. However, there is a significant cost 

associated with the conventional post-fault actions such as generation inter-trip and 

smart demand management whereas the other two aforementioned supportive actions 

are free. In addition ,the results of comparative study demonstrated that the HVDC link 

damping controller presents the best performance and provide better damping at post 

fault compared to the other control schemes [147]. 
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8.2 Further  research opportunities 

The work presented within this thesis has satisfied all of the research aims which were 

initially defined. Nevertheless there are a number of areas where this work could be 

extended in order to further develop the ideas and methods which have been developed. 

The following are a few probable future research directions: 

Further investigation into the robustness of the proposed SR control for wider range of 

operational points:  

The performance and robustness of the designed SR can be further investigated for 

various system operating point and system outage patterns. 

Extension of SR control to an adaptive control:  

The SR control can be extended to an adaptive control to develop solutions that can 

automatically adapt the active power set-point of the HVDC links and consequently 

release the burden on the B6 boundary during heavily loaded operating conditions. The 

feasibility and requirement of the adaptive SR controller need to be further investigated.  

Investigating the performance of the proposed controller for co-ordinated control of 

East and West Coast HVDC link:  

Additional to the Western HVDC link, the Eastern Coast HVDC links are planned to be 

connected to the transmission system in order to increase the B7 boundary power 

transfer capability. Further investigation is required with regard to coordinated control 

of future DC links and determining their set-points in a coordinated manner.  The 

coordination of the power flow controlling devices can potentially optimise the 

transmission capacity as well providing enhanced system security management [181]. 

Investigation on the performance of the MLQG damping controller for the West Coast 

HVDC link: 

The Feasibility of model-based MLQG damping controller for the West Coast HVDC 

link need further investigation. Also, the WAMS-based multivariable control structure 

of the MLQG damping control can be also implemented for co-ordinated control of 

West and East HVDC links damping controllers to provide improved stability 

performance across B6 and B7 boundaries. 

 



Chapter 8 .Conclusions and Further work 

194 

Robustness assessment of the designed damping controller for the HVDC link : 

Power system networks are continuously subjected to the uncertainty introduced by load 

and wind energy variations which can change the power system operating condition to 

the point that the tuning of the damping controller are no longer effective. This is more 

evident for the model-based damping controller such as MLQG controller where design 

method relies on linearized model of the system. Consequently this could results in 

deterioration of performance of the designed Wide-area controller. In the worse 

scenario, the controller can even introduce an adverse effect on system stability. This 

necessitates a thorough investigation of the controller’s performance over a wide range 

of operating points. To show the satisfactory performance and practical applicability 

over a wide range of operating points, a robustness assessment is required to be 

performed at different operating points obtained by implementation of the probabilistic 

distribution of system operating points using probabilistic method such as the Monte 

Carlo method [174]. 

Impact of time delays to a wide-area damping controller:  

As it was demonstrated in Chapter 7, the HVDC links’ supplementary damping 

controllers can provide damping to the system oscillation. Although, Wide-Area 

Measurement system  signals provide better damping of the inter-area oscillation [182], 

the damping performance can be affected or may even cause instability of the closed-

loop system due to existence of communication time delay for transfer of input signals. 

Therefore, a further investigation into controller design approaches that provide a 

balance between the delay margin and the damping performance is required [183]. 

Examine the performance of wider range of control design methods:  

As discussed in Chapter 2, wide range of alternative controller design methods used in 

past researches for design of control systems mostly for power oscillation damping 

controller. These included model-based, MPC, non-linear optimisation methods such as 

evolutionary genetic algorithms, Prony-based adaptive control, Lyapunov energy 

functions and fuzzy control. It would be appropriate to conduct a comprehensive 

comparative study using the same test system and operational condition to investigate 

the capability and performance of each in a like to like cases. This would assist the 

system operators to decide on   type and method of controller design [146] 
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Appendix A  

Correct modelling of the synchronous generators and their excitation systems is 

essential in studying the dynamic behaviour of power systems. Various test systems 

have been considered throughout this thesis as described in Chapter 3. The parameters 

of the key components of the test systems such as generators and their excitation and 

governor, transformer, line, load and SVC are provided in the Appendices. 

A.1: Dynamic parameters of the SMIB test system 1 

 

Figure A.1. 1: SMIB test system 1 

Both generators dynamic data in test system 1 is presented in Table A1.1. Also, both 

generators’ rotors are salient pole rotor type. 

Table A.1 1: Synchronous machine dynamic parameters  

Generator symbol Unit G1 G2 

Inertia time constant H s 10 10 

Mechanical damping   p.u. 0 0 

Stator resistance  rstr p.u. 0.001 0.001 

Stator leakage reactance  xl   p.u. 0.1 0.1 

Synchronous reactance  xd p.u. 2 2 

Synchronous reactance  xq p.u. 2 2 

Transient reactance   xd’ p.u. 0.3 0.3 

Transient reactance  xq’ p.u. - - 

Sub-transient reactance    xd’’ p.u. 0.2 0.2 

Sub-transient reactance  xq’’ p.u. 0.2 0.2 

Transient time constant  Td0’ s 1 1 

Transient time constant   Tq0’ s - - 

Sub-transient time constant Td0’’ s 0.05 0.05 

Sub-transient time constant  Tq0’’ s 0.05 0.05 

Load flow data and bus type for the in test system 6 is presented in Table A.1.2 
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Table A.1 2: Bus type and load flow data 

Gen No Bus node  Bus 

type 

 

 Gen Rating 

(MVA) 
V L-L PL (MW)  QL(MVar)  V 

(p.u.) G1 Gen1 PV 1700 20 1300 97 1.05 

G2 Gen2 SL 1700 20 1300 428 1.05 

- TermLine1 PV - 500 - - 1.05 

- TermLine2 PV - 500 - - 1.05 

- 

-- 

TCSC1 PV - 500 - - 1.05 

- 

-- 

TCSC2 PV - 500 - - 1.05 

Both generators use the following exciter data as shown in Table A.1.3 

Table A.1 3: Generators’ exciter data 

Voltage regulator gain  K 400 p.u. 

Voltage regulator time constant  Te 0.02 s 

Transient gain reduction time constant  Ta 1 s 

Transient gain reduction time constant  Tb 10 s 

Maximum voltage regulator output  Vmax 6 p.u. 

Minimum voltage output  Vmin 0 p.u. 

All the generators use the following Governor data as shown in Table A.1.4 

Table A.1 4: Generators’ governor parameters 

Speed droop R 0.05 p.u. 

Controller  time constant  T1 0.05 s 

Actuator  time constant  T2 0 s 

Compressor  time constant  T3 0.5 s 

Ambient temp.  AT 1 s 

Turbine factor   Kt 1 s 

Vmax  controller Maximum output Vmax 0 p.u. 

Vmin  controller Minimum output Vmin 1.5 p.u. 

All the generators’ transformer use the following data as shown in Table A.1.5 

Table A.1 5: Generators’ transformer parameters 

Generator G1 G2 

Rated power (MVA) 1000 1000 

Rated voltage (HV) 500 500 

Rated voltage (LV) 20 20 

Short circuit voltage (positive Sequence %) 8 8 

Short circuit voltage (zero Sequence %) 3 3 

Winding connection (HV) YN YN 

Winding connection (LV) YN YN 

The load data are presented in Table A.1.6. 

Table A.1 6: Load data 

Load P (MW) Q (MVar) 

Load 1 2600 400 
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The TCSC parameters are given in Table A.1.7. 

Table A.1 7: The TCSC’s Reactor and Capacitor parameters. 

Series Capacitor  20 ohm 

Reactor parallel with series Capacitor 35 ohm 

The lines parameters are presented in Table A.1.8. 

Table A.1 8: Lines parameters  

 V L-L ( kV) L (km) Rated 

current(kA) 
R(Ohm/km) Reac.(Ohm/km) Susc.(s/km) 

Line1 500 100 1 0.03 0.3 5 

Line2 500 100 1 0.03 0.3 5 

Line3  500 200 1 0.03 0.3 5 

 

A.2: Dynamic parameters of the SMIB test system 2 

All the parameters including generators, generators’ governor/exciter, generator 

transformer and lines are the same as SMIB test system 1. 

A.3: Dynamic parameters of the SMIB test system 3  

All the parameters for generators and generators’ governor/exciter are the same as 

SMIB test system 1. Only a HVDC link is added in place of the TCSC. The rest of 

parameters which are different from the test system1 are presented as follows.  

 

Figure A.3. 1:Test system 3 with HVDC link 

The load data are presented in Table A.3.1. 

Table A.3 1: Load data 

Load P (MW) Q (MVar) 

Load 1 2400 400 

The lines parameters are presented in Table A.3.2 
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Table A.3 2: lines parameters 

Lines V L-L ( kV) L (km) Rated 

current(kA) 

R(Ohm/km) Reac.(Ohm/km) Susc. (s/km) 

L1 400 200 1 0.03 0.3 5 

L2 400 200 1 0.03 0.3 5 

 

Table A.3 3: Bus type and load flow data 

Gen No Bus node  Bus 

type 

 

 Gen Rating 

(MVA) 
V L-L PL (MW)  QL(MVar)  Vmax 

(p.u.) G1 Gen1 PV 1700 20 1300 114 1.05 

G2 Gen2 SL 1700 20 1200 350 1.05 

- BB1 PV - 400 - - 1.05 

- BB2 PV - 400 - - 1.05 

All the generators’ transformer use the following data as shown in Table A.3.4 

Table A.3 4: Generators’ transformer parameters 

Generator G1 G2 

Rated power (MVA) 1000 1000 

Rated voltage (HV) 400 400 

Rated voltage (LV) 20 20 

Short circuit voltage (positive Sequence %) 8 8 

Short circuit voltage (zero Sequence %) 3 3 

Winding connection (HV) YN YN 

Winding connection (LV) YN YN 

 

A.4: Dynamic parameters of the SMIB test system 4 

All the parameters including generators, generators’ governor/exciter, generator 

transformer and lines are the same as SMIB test system 3. 

A.5: Dynamic parameters of the SMIB test system 5 

 

 

Figure A.5. 1:Test system 5 with SVC and HVDC link 
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All the parameters for generators and generators’ governor/exciter are the same as 

SMIB test system 1. The rest of parameters are presented in as follows:  

Table A.5 1: Synchronous machine dynamic parameters  

Generator symbol Unit G1 G2 

Inertia time constant H s 10 10 

Mechanical damping   p.u. 0 0 

Stator resistance  rstr p.u. 0.0023 0.0023 

Stator leakage reactance  xl   p.u. 0.182 0.182 

Synchronous reactance  xd p.u. 2.68 2.68 

Synchronous reactance  xq p.u. 2.456 2.456 

Transient reactance   xd’ p.u. 0.29 0.29 

Transient reactance  xq’ p.u. 2.45 2.45 

Sub-transient reactance    xd’’ p.u. 0.228 0.228 

Sub-transient reactance  xq’’ p.u. 0.228 0.228 

Transient time constant  Td0’ s 0.55 0.55 

Transient time constant   Tq0’ s 0.55 0.55 

Sub-transient time constant Td0’’ s 0.0115 0.0115 

Sub-transient time constant  Tq0’’ s 0.0115 0.0115 

Load flow data and bus type for the in test system 6 is presented in Table A.5.2 

Table A.5 2: Bus type and load flow data 

Gen No Bus node  Bus 

type 

 

 Gen Rating 

(MVA) 
V L-L PL (MW)  QL(MVar)  V 

(p.u.) G1 Gen1 PV 2500 23 2000 410 1.05 

G2 Gen2 SL 2500 23 48019 72 1.05 

- BB1 PV - 400 - - 1.05 

- BB2 PV - 400 - - 1.05 

All the generators’ transformer use the following data as shown in Table A.5.3 

Table A.5 3: Generators’ transformer parameters 

Generator G1 G2 

Rated power (MVA) 1000 1000 

Rated voltage (HV) 400 400 

Rated voltage (LV) 23 23 

Short circuit voltage (positive Sequence %) 0.677 0.677 

Short circuit voltage (zero Sequence %) 0.009 0.009 

Winding connection (HV) YN YN 

Winding connection (LV) YN YN 

The load data are presented in Table A.5.4. 

Table A.5 4: Load data 

Load P (MW) Q (MVar) 

Load 1 50000 0 
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The lines parameters are presented in Table A.5.5. 

Table A.5 5: lines parameters  

Line V L-L ( kV) L (km) Rated 

current(kA) 
R(Ohm/km) Reac.(Ohm/km) Susc.(s/km) 

L1 400 1 2.309 1.815 17.39 5753.8 

L2 400 1 2.309 1.815 17.39 5753.8 

L3  400 1 2.309 1.815 17.39 5753.8 

L4 

 

400 1 2.309 1.815 17.39 5753.8 

L5 400 1 2.309 1.815 17.39 5753.8 

L6 400 1 2.309 1.815 17.39 5753.8 

The parameters of the SVC and its voltage control are presented in Table A.5.6 and 

Table A.5.7. 

Table A.5 6: SVC   parameters  

Target voltage  K 275 p.u. 

Reactance TCR (Q) 75 Mvar 

Capacitor TCS(Q) -75*2 Mvar 

Droop   Tb 5% % 

Max steady state voltage   Vmax 1.05 p.u. 

Min steady state voltage   Vmin 0 p.u. 

Table A.5 7: SVC voltage control   parameters  

Voltage regulator gain 1 K1 0.03 p.u. 

Voltage regulator gain 2 K2 3.87 p.u. 

Lead  time constant  T1 0.0057 s 

Lag  time constant  T2 0.0042 s 

Lead  time constant  T3 0.0059 s 

Lag  time constant  T4 0.0043 s 

 

A.6: Dynamic parameters of the test system 6 

 

Figure A.6. 1:  Single line diagram of the four-machine test system 6 with TCSC 

All the generators dynamic data in test system 6 is presented in Table A.6.1 [22]. 
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Table A. 6. 1: Synchronous machine dynamic parameters  

Generator symbol Unit G1 G2 G3 G4 

Inertia time constant H s 6.5 6.5 6.5 6.5 

Mechanical damping   p.u. 0 0 0 0 

Stator resistance  rstr 
p.u. 0.0025 0.0025 0.0025 0.0025 

Stator leakage reactance  xl   p.u. 0.2 0.2 0.2 0.2 

Synchronous reactance  xd p.u. 1.8 1.8 1.8 1.8 

Synchronous reactance  xq p.u. 1.7 1.7 1.7 1.7 

Transient reactance   xd’ p.u. 0.3 0.3 0.3 0.3 

Transient reactance  xq’ p.u. 0.55 0.55 0.55 0.55 

Sub-transient reactance    xd’’ 
p.u. 0.25 0.25 0.25 0.25 

Sub-transient reactance  xq’’ 
p.u. 0.25 0.25 0.25 0.25 

Transient time constant  Td0’ s 8 8 8 8 

Transient time constant   Tq0’ s 0.4 0.4 0.4 0.4 

Sub-transient time constant Td0’ s 0.03 0.03 0.03 0.03 

Sub-transient time constant  Tq0’’ s 0.05 0.05 0.05 0.05 

Load flow data and bus type for the in test system 6 is presented in Table A.6.2 

Table A. 6. 2: Bus type and load flow data 

Gen 
Bus type 

 
 R (MVA) V L-L PL (MW)  QL(MVar)  V (p.u.) 

G1 SL 900 20 750 185 1.03 

G2 PV 900 20 700 235 1.01 

G3 PV 900 20 719 176 1.03 

G4 PV 900 20 700 202 1.01 

All the generators use the following AVR data as shown in Table A.6.3 

Table A. 6. 3: Generators’ AVR data 

Transducer filter time constant  Tr 0.01 s 

Voltage regulator gain  K 200 p.u. 

Voltage regulator time constant  Te 0.05 s 

Transient gain reduction time constant  Ta 1 s 

Transient gain reduction time constant  Tb 10 s 

Maximum voltage regulator output  Vmax 3 p.u. 

Minimum voltage output  Vmin -3 p.u. 

All the generators use the following Governor data as shown in Table A.6.4 

Table A. 6. 4: Generators’ governor parameters 

Governor gain  K 50 p.u. 

Servo time constant  Ts 0.1 s 

Transient gain time constant  T3 0 s 

HP turbine time constant  Tc 0.5 s 

Time constant to set HP ratio  T4 1.25 s 

Reheat time constant  T5 5 s 

Maximum power  Pmax 1 p.u. 

Minimum power  Pmin 0 p.u. 
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All the generators’ transformer use the following data as shown in Table A.6.5 

Table A. 6. 5: Generators’ transformer parameters 

Generator G1 G2 G3 G4 

Rated power (MVA) 900 900 900 900 

Rated voltage (HV) 230 230 230 230 

Rated voltage (LV) 20 20 20 20 

Short circuit voltage (positive Sequence %) 15 15 15 15 

Short circuit voltage (zero Sequence %) 3 3 3 3 

Winding connection (HV) YN YN YN YN 

Winding connection (LV) YN YN YN YN 

The load data are presented in Table A.6.6. 

Table A. 6. 6: Load data 

Load P (MW) Q (MVar) 

Load 1 967 100 

Load 2 1667 100 

The Shunt Capacitors (SC) data are presented in Table A.6.7. 

Table A. 6. 7: Shunt capacitors data 

No. of 

Capacitor 
V(kV) At bus  Q (MVar) Q/ per tap 

(MVar) 

No tap Q max 

(MVar) SC1 230 3 189.88 100 6 600 

SC2 230 5 0 100 5 500 

SC3 230 5 341.61 50 10 500 

SC4 230 Rec. 

terminal 
118.67 125 1 125 

SC5 230 Rec. 

terminal 
122.00 125 1 125 

The lines parameters are presented in Table A.6.8. 

Table A. 6. 8: Shunt capacitors data 

Line line1 line2 line3 line4 line5 line6 line7 line8 line9 line10 

 V L-L ( kV) 230 230 230 230 230 230 230 230 230 230 

L (km) 25 10 110 110 110 110 10 25 10 10 

R(Ohm/km) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0. 52 0. 52 

Reac.(Ohm/km) 0. 52 0. 52 0. 52 0. 52 0. 52 0. 52 0. 52 0. 52 0. 52 0. 52 

Susc.(s/km) 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30 3.30

7 

3.30 

The TCSC parameters are given in Table A.6.9. 

Table A. 6. 9: TCSC Reactor and Capacitor parameters. 

Series Capacitor  20 ohm 

Reactor parallel with series Capacitor 35 ohm 
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Appendix B  

The details on the modelling and primary control of CSC-HVDC link using the 

DIgSILENT PowerFactory are provided in Chapter 3. Power Factory use a composite 

frame as a hierarchical framework for modelling purposes. Appendix B presents 

illustrative snapshots of the CSC-HVDC  models implemented in PowerFactory [124] 

with the main design aspects of the future West Coast HVDC link presented in Table 

B.1 [156] . 

Table B. 1: West coast HVDC link design aspects [156] 

 HVDC link Converter continuous rating 

 
2.2GW 

Nominal Direct Current (without redundant cooling 

equipment) 
1875A 

Nominal Direct Voltage 600kV 

 Nominal AC Voltage 360kV to 440kV (440kV for 15min) 

Power reversal Limited by Q constraints 

DC submarine cable 385km 

Short Circuit Level (At Connah’s Quay, Intact system) 29652MVA 

Short Circuit Level (At Hunterston, Intact system) 18150MVA 

 

B1: The converters’ control model associated with HVDC link  
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Figure B. 1: Overall framework of the CSC-HVDC link convertors control 
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Figure B. 2: CSC-HVDC link and DC power control 
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Figure B. 3: CSC-HVDC link Voltage Dependant Current Order Limiter (VDCOL) model 
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Figure B. 4: The HVDC link CC, CV and CEA control framework 
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Appendix C  

C 1: Model and parameters of the PSS-based power oscillation damping 
control for the TCSC 

TCSC Frame: 
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Figure C. 1: PSS-based damping control model for the TCSC  

 

Table C.2: PSS-based damping control design parameters for the TCSC 

Washout time constant Tw 10 s 

Filter time constant Tm 0.1  

Controller gain K 22000 s 

Lead phase compensation T1 0.11 s 

Lag Phase compensation T2 0.566 s 

Lead phase compensation T3 1 s 

Lag Phase compensation T4 1 s 

Maximum power  Pmax 15 p.u. 
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C 2: Model and parameters of the PSS-based power oscillation damping 
control for the HVDC link 

 

Table C. 3: PSS-based damping control design parameters 

Washout time constant Tw 10 s 

Filter time constant Tm 0.1  

Controller gain K 1600 s 

Lead phase compensation T1 0.1 s 

Lag Phase compensation T2 1 s 

Lead phase compensation T3 0.1 s 

Lag Phase compensation T4 1 s 

Maximum power  Pmax 5 p.u. 
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Figure C. 2: PSS-based damping control model for the HVDC link in PowerFactory  
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C 3: Model and parameters of the MLQG-based power oscillation 
damping control for the HVDC link 

 

Table C 4: MLQG-based damping control design parameters 

Washout time constant Tw 10 s 

Controller size order 6 - 

WAC output limiter K ±5 p.u. 

weight matrix of output deviations (Q) Q 1e5 p.u. 

Weight matrix of control inputs (R) R 1 p.u. 

 

 

 

Figure C. 3: MLQG-based damping control model for the HVDC link in PowerFactory  

 

 

C 4: Parameters of the PI control for the TCSC 

Table C 5: PI controller parameters 

Time constant Tf 0.05 s 

Gain  (Ki) Ki 0.5 p.u. 

Integral time  Ti 0.01 s 

Minimum reactance  Xmin 12.8 p.u. 

Maximum reactance Xmax 30 p.u. 
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Appendix D  

D.1: Procedure and steps of the system identification routine to identify 
the linear model of non-linear systems are presented in Figure D.1. 

Start

Accuracy confirmed  

using fittness value

Step1: selection of input out-put signal

 Injection of probing signal

 Measuring the system response as an out-put

Step 2: Examining and processing the input and 

out-put data to remove any trend using follwing 

Functions:

 Decimate data

  Select window length of data

  Select Frequency range of interest

  filtering

Step 3: deriving the state space linear model by 

employing system identification function. Also 

order of the model is  selected using the  

singular value

Step 4:   Model validation by performing following 

stages:

 Apply a pulse signal to the identified and 

actual model

 Compare  responses and confirm accuracy of 

obtained model.

End

Yes 

No

 

Figure D. 1: System identification procedure [59] 



Appendices 

210 

Appendix E  

E.1: The overall structure of the West coast HVDC link supplementary 
damping controller in Power Factory 
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Figure E 1: Overall structure of  the PSS-based damping control  model for West Coast 

HVDC link in PowerFactory  

E 2: Model and parameters of the PSS-based power oscillation damping 
control for the West coast HVDC link 

 

Table E 2. 1: PSS-based damping control design parameters for the West coast HVDC link  

Washout time constant Tw1 10 s 

Washout time constant Tw2 10 s 

Filter time constant Tm 0.1  

Controller gain K 100 s 

Lead phase compensation T1 1 s 

Lag Phase compensation T2 1 s 

Lead phase compensation T3 0.1 s 

Lag Phase compensation T4 1 s 

Maximum power  Pmax 0.2 p.u. 
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Damping controller: 
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 Figure E 2: PSS-based damping control model for West Coast HVDC link in PowerFactory  
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Appendix F  

F.1 Overview of Inter-area oscillation/small signal stability 

Small signal stability studies have been mainly based on eigenvalue analysis to identify 

the modes of the system. The two main approaches for finding power system modes are 

component-based methods and measurement-based methods. In the component-based 

method, the nonlinear differential equations of the system are linearised around an 

operating point [57]. The power system modes are then obtained through eigenvalue 

analysis of the characteristic matrix derived from the linearised model of the power 

system. A brief overview of eigenvalue analysis using component-based method is 

given in the next section. 

F.2 Power System linearisation for stability analysis 

A power system can be described as a set of nonlinear differential algebraic equations as 

shown in (F.2.1), where x is the state vector, y is the algebraic output vector, and u is 

the input vector. 









)u,y,x(g0

)u,y,x(fX  
(F.2.1) 

The system can be linearised around its operating point for small-stability analysis 

purposes. This is because the small-disturbance stability is defined as the ability of a 

power system to maintain synchronous operation when subjected to a small disturbance 

and as long as the disturbance is small the power system equations can be linearised and 

presented in a state space form as shown in (F.2.2). 

 
uDxCy

uxAx



 
 

(F.2.2) 

Based on Lyapunov’s first method, the small-disturbance stability of a system is 

determined by the roots of the characteristic equation of the system. In the case of a 

state space model of the system, the characteristic equation of the system based on 

matrix A is given in (F.2.3) [22]. 

 A  (F.2.3) 

Where λ are scalar values called the eigenvalues of system and the eigenvalues of a 

linearised power system models are the oscillation modes of the power system. There 
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are (n) solutions for (F.2.3), which form a set of (n) eigenvalues. Equation (F.2.3) can 

be solved to find the eigenvalues of a system using the following determinant: 

0IA   (F.2.4) 

It should be noted that the eigenvalues (modes) of the system can be influenced by 

adjusting or changing the operating point of the power system. Also, matrix   in (F.2.3) 

is a corresponding eigenvectors where which satisfies (F.2.3) for the i
th

 eigenvalue is 

called right eigenvector of matrix A. Similarly, the modified characteristic equation in 

(F.2.3) can be defined in term of left eigenvalues as shown in (F.2.5). 

A  (F.2.5) 

The eigenvalue characteristic of the system can be briefly expressed by modal matrices 

presented in (F.2.6)-(F.2.8) where   is the matrix of right eigenvectors, Ψ is the matrix of 

left eigenvectors, and Λ is a diagonal matrix of system eigenvalues. 

 n21 ....   

 

(F.2.6) 

 T
n

T
2

T
1 ....   (F.2.7) 

 
 n21 ....   (F.2.8) 

The mode of the system’s performance in time-based format is defined by where, It can 

be seen that eigenvalues (   ) with only real part are not oscillatory. Also, a complex 

eigenvalue with a negative real part will result in a decaying time response whereas 

positive real eigenvalues will lead to a growing time response which leads to instability. 

Therefore, eigenvalues/modes of the system are expressed by their damping and 

frequency of their oscillation where the real part of the eigenvalue of the system gives 

the damping, and the imaginary part gives the frequency of oscillation. The damping 

ratio of the modes, which is shown in (F.2.9), is defined as a rate of decay of the 

amplitudes of oscillation associated with the mode. In general, the oscillatory modes 

having damping ratio less than 5% are considered to be critical [162][22]. 

 
22 


  

(F.2.9) 
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