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Abstract  

This thesis presents and demonstrates (both via simulation and hardware-based tests) a new 

protection scheme designed to safeguard hybrid AC/DC distribution networks against DC 

faults that are not cleared by the main MVDC (Medium Voltage DC) link protection. The 

protection scheme relies on the apparent impedance measured at the AC “side” of the MVDC 

link to detect faults on the DC system. It can be readily implemented on existing distance 

protection relays with no changes to existing measuring equipment. 

An overview of the literature in this area is presented and it is shown that the protection of 

MVDC links is only considered at a converter station level. There appears to be no 

consideration of protecting the MVDC system from the wider AC power system via backup – 

as would be the case for standard AC distribution network assets, where the failure of main 

protection would require a (usually remote) backup protection system to operate to clear the 

fault. Very little literature considers remote backup protection of MVDC links. 

To address this issue, the research presented in this thesis characterises the apparent impedance 

as measured in the neighbouring AC system under various DC fault conditions on an adjacent 

MVDC link. Initial studies, based on simulations, show that a highly inductive characteristic, 

in terms of the calculations from the measured AC voltages and currents, is apparent on all 

three phases in the neighbouring AC system during DC-side pole-to-pole and pole-pole-

ground faults. This response is confirmed via a series of experiments conducted at low voltage 

in a laboratory environment using scaled down electrical components. From this classification, 

a fast-acting backup protection methodology, which can detect pole-to-pole and pole-pole-

ground faults within 40 ms, is proposed and trialled through simulation. The solution can be 

deployed on distance protection relays using a typically unused zone (e.g. zone 4). New relays 

could, of course, incorporate this functionality as standard in the future. 

To maximise confidence and demonstrate the compatibility of the solution, the protection 

scheme is deployed under a real-time hardware-in-the-loop environment using a commercially 

available distance protection relay. Suggestions to improve the stability of the proposed 

solution are discussed and demonstrated. Future areas of work are identified and described. 

As an appendix, early stage work pertaining to the potential application and benefits of MVDC 

is presented for two Scottish distribution networks. The findings from this are presented as 

supplementary material at the end of the thesis.   
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SCADA Supervisory Control And Data Acquisition 

SD Secure Digital 

SI Standard Inverse 

SNOP Soft Normally Open Point 

SOP Soft Open Point 

SPWM Sinusoidal Pulse Width Modulation 

SSEN Scottish and Southern Energy Networks 

TMS Time Multiplier Setting 

TNO Transmission Network Operator 

TPL Technology Performance Level 
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TSO Transmission System Operator 

UDP User Datagram Protocol 

UHVDC Ultra-High Voltage Direct Current 

UK United Kingdom 

USA United States of America 

USB Universal Serial Bus 

VI Very Inverse 

VSC Voltage Source Converter 

VT Voltage Transformer 

Wi-Fi IEEE 802.11 family of standards 

WPD Western Power Distribution 

Z1 Zone 1 

Z2 Zone 2 

Z3 Zone 3 

Z4 Zone 4 

4G/5G Fourth/fifth generation of mobile phone technology 
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Chapter 1  
— 

Introduction 
 

1.1 Introduction to the Research 

There is increasing interest in the use of direct current (DC) at several voltage levels within 

the power system. High voltage direct current (HVDC) is becoming the standard for 

interconnections (e.g. between countries and/or major elements of large AC systems), subsea 

and long-distance power transfers giving enhanced controllability and reduced losses when 

compared to equivalent AC (alternating current) systems [1]. Point-to-point HVDC links are 

well established both academically and commercially with many installations found 

worldwide [2]. Low voltage direct current (LVDC) is gaining attention in the building services 

sector [3]. Charging of electric vehicles (EVs) using DC is becoming the norm for high-

powered charging technologies (e.g. 50 kW, 120 kW) [4] [5]. LED (light-emitting diode) street 

lighting networks powered via DC are being commercially installed in mainland Europe to 

improve reliability and provide secondary benefits such as the ability to host 4G/5G/Wi-Fi 

access points [6]. Despite the prevalence of AC in existing power systems, utilities are now 

trialling the supply of DC to end-users [7].  The use of DC within industrial processes [8] and 

datacentres [9] is also being considered increasingly in order to reduce the total number of 

conversion stages between AC and DC systems and so to increase efficiency and reliability 

[10].  

Since the early 2000s, the connected capacity of renewable energy generators within Scotland, 

Europe and internationally has increased substantially. The uptake of low emission generation 

has been stimulated by the need to reduce the carbon intensity associated with the electricity 

sector which accounts for approximately 25% of the total energy demand in Scotland [11]. 

Much of this new generation is connecting to the distribution network (33 kV and below in 

Scotland) rather than to the transmission system as would have been the norm historically for 

large-capacity conventional generating stations. This is largely due to the relatively lower 

capacity of the renewable generation and its closer proximity to load centres.   

The creation of additional network capacity is time-consuming and expensive due to design 

timescales, delays in planning approvals (which are often subsequently challenged), increasing 
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commodity and construction costs and long lead times in the supply chain. Investment maps 

for Scottish network operators already show relatively small (£100k - £500k) modernisation 

and uprating projects being worked on in 2019 which are not due for completion until 2023 

[12]. These long timescales often represent a barrier to the installation and connection of 

further renewable generators to existing systems [13]. 

Medium voltage direct current (MVDC), operating between 5 kV and 50 kV, can help alleviate 

some of the congestion experienced by distribution system operators (DSO). This is explored 

and reported in this thesis via a literature review, along with several network simulation studies 

which are presented as supplementary material. 

As the electricity network transitions towards a hybrid AC-DC grid, at various voltage levels, 

the protection of the system components and networks must be re-evaluated as some methods 

may no longer be valid [14] [15]. The appropriateness and stability of loss-of-mains (islanding) 

protection, for example, has been heavily investigated in recent years as more distributed and 

converter-based generation is being connected to the distribution system and large-scale 

centralised synchronous generation is being decommissioned [16] [17] [18].  The shift towards 

non-synchronous generation has resulted in a system which has lower inertia. Inertia is the 

property of the power system that resists frequency change and is primarily provided by 

rotating machines, and is linked to rotor mass, diameter and speed [19] [20]. Renewable 

generators are often mechanically and electrically decoupled from the power network, through 

power electronic converters, which allows variable frequency generators (e.g. wind turbines) 

and chemical processes (e.g. solar systems) to be interfaced to the AC grid. This decoupling 

means that converter-interfaced generation can only provide limited, but often no, inertia to 

the AC grid. Low system inertia increases the risk of rapid system changes meaning that 

frequency may change more quickly than was previously assumed both for normal operation 

and under fault conditions [19]. As a result of increased distributed generation (DG) and 

reducing system inertia, the tripping threshold of rate-of-change-of-frequency relays (RoCoF) 

in the GB power system are being adjusted from 0.125 Hz/s to 1 Hz/s [21].  

Another example of a protection challenge associated with transitioning towards increased 

levels of DG is protection ‘blinding’ of overcurrent relays. When a distributed generator is 

connected between an overcurrent protection relay and a system fault, the DG will supply 

some of the current flowing to the fault which may cause the fault current measured by some 

overcurrent relays to be reduced (while at others it could be increased depending on relative 

locations) as in Figure 1-1 [22] [23]. This may cause slower operation of the protection relay 

and could, theoretically, lead to non-operation [24]. 
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Figure 1-1: Blinding of overcurrent protection relay 

It has been determined that the backup protection of MVDC links is not well considered in 

literature nor in practice; especially from a wider network perspective (i.e. the AC protection 

providing backup to the main DC protection). This thesis aims to address this shortcoming via 

the development and demonstration of a standalone (i.e. a system which does not require 

communications) fast-acting backup protection scheme for embedded MVDC links which 

could be realised using existing AC protection and measurement systems, albeit with 

modifications. 

1.2 Justification for Research 

Power systems of the future are being shaped by climate change policy [25], resource 

availability, socio-economic pressures and the increasing availability, efficiency and reducing 

price of power electronics devices, energy storage, communications and computing/data 

processing equipment. The way in which energy is consumed and produced is changing with 

a societal shift towards a more sustainable and lower carbon economy. The closure of large 

centralised electrical power generation plants [26] [27] and the increase in distributed 

generation, often from renewable energy sources, and more recently the uptake of battery and 

other forms of storage (such as compressed liquid air [28] and electrolysis to produce hydrogen 

[29]), is altering the everyday business of both transmission and distribution network 

operators. The cumulative capacity of battery storage planning applications in the UK for 2019 

was 10.5 GW compared to 6.9 GW in the previous year - while in 2012 this figure was only 

2 MW [30].  

Support mechanisms, such as Renewable Obligation Certificates (ROCs) [31] and the Feed-

In Tariff (FIT) [32], provided a financial incentive to develop renewable energy projects and 

have, in part, helped to reduce costs of renewable technologies. In the period 2018/2019, the 

mean cost of a domestic (i.e. ≤4 kW) solar photovoltaic (PV) installation was £1,816 per 

installed kW compared to £2,400 (when corrected for inflation) in 2013/2014 [33]. Renewable 
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generation sources often now represent the cheapest form of electrical energy [34] in terms of 

levelised cost of electricity (LCOE). LCOE represents the average revenue per unit of energy 

generated required to recover the capital and operational costs of a plant for an assumed 

operating life [35]. Figure 1-2 presents the ranges of LCOE of a variety of renewable and 

conventional generation types in Germany where it was observed that utility-scale solar and 

onshore wind delivered the lowest cost of electrical energy for the year 2018 [36].  

 

Figure 1-2: LCOE by generation type at various locations across Germany 2018 [36] 

While substantial progress has been made with decarbonising the electricity system, 

considerably more effort and innovation will be required to make constructive emission 

reductions in the heat and transport sectors [37]. Ambitious climate change targets set by the 

Scottish Government [38] [39] have led to rapid growth in renewable energy generation over 

the last decade. Recently, the Scottish Government has outlined its intention to ban the sale of 

all petrol and diesel only vehicles by 2032 [38]. In September 2019, legislation was enacted 

which commits Scotland to become a “net-zero” carbon society by 2045 with a 75% reduction 

in carbon emissions by 2030 [40]. Various definitions for “net-zero” exist, however, the term 

can be broadly defined as the balancing of carbon-dioxide emissions, created through human-

activity, with carbon-dioxide removal (through techniques such as carbon capture and storage, 

tree planting, etc.) for a specific period [41]. This will inevitably have pronounced impacts on 

distribution networks if the uptake of electrified transport and heat is as dramatic as the uptake 

in renewables. With a significant proportion of grid supply points (GSP) in southern and 
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central Scotland already restricting the connection of further distributed resources as outlined 

in Figure 1-3 (where red areas highlight regions operating close to operational limits, amber 

areas illustrate areas approaching limits and green regions have no constraining factors), it is 

apparent that new capacity needs to be made available in these networks to facilitate the 

connection of more low carbon generators and future low carbon demand. 

  

Figure 1-3: 33 kV generation heat map of central and southern Scotland [42] 

While electrical power generation has witnessed a significant departure from conventional 

large-scale thermal power plants, the design philosophy of power transmission and distribution 

networks has remained largely unchanged since the 1950s [43] [44]. With further increases in 

distributed energy resources (DER) predicted, in conjunction with electrical load growth 

associated with the transition towards the electrification of heat and transportation, the way in 

which distribution networks are designed, operated and controlled must change to avoid 

expensive and invasive network reinforcement [45]. 

Faults are inevitable in power systems as it is impractical and prohibitively expensive (and 

arguably impossible) to safeguard assets against every hypothetical scenario that could lead to 

a fault. Protection systems, therefore, defend power networks against abnormal operating 

conditions by removing faulted assets from the system quickly, following the detection of a 

fault (the majority of faults involve an electrical short circuit where conductors come in contact 

with one another and/or with ground). As with HVDC, embedded MVDC links are currently 

treated as an individual item of plant, i.e. protection of the DC link is not considered from a 

wider network perspective – although it is common to have backup AC-side protection at the 
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converter station [46] as well as direct transfer tripping schemes [47]. Should the plant 

protection system fail to identify or fail to isolate a DC fault (e.g. the converter circuit breaker 

fails to open), the converters could remain operational in a potentially damaging situation.  

No literature has been found which examines the opportunity of detecting faults on embedded 

MVDC links via remote measurements on the AC grid. This PhD thesis is therefore concerned 

with the detection of DC-side events from AC system measurements. A suitably fast, backup 

protection methodology is proposed and developed over the subsequent chapters and is 

validated through simulation studies and laboratory-based demonstrations. 

1.3 Principal Contributions 

In terms of the novelty of the research conducted and disseminated through this thesis, the 

primary contributions to knowledge can be summarised as follows: 

• design, development and testing of a new fast-acting backup protection scheme for 

the detection of faults on MVDC links using existing AC distance protection relays 

without the need for any communication facilities; 

• deployment of the protection scheme on a commercially available protection device 

in a hardware-in-the-loop simulation environment; 

• implementation and verification of an improved protection algorithm, which employs 

an R-X coordinate based setting approach, on a low-cost computing platform within 

a hardware-in-the-loop environment; 

• quantification of the apparent AC-side impedance associated with a DC fault through 

software simulation; 

• validation of the apparent AC-side impedance associated with a DC fault through 

hardware experimentation; 

• a review of MVDC projects across Europe with an emphasis on land-based power 

distribution applications; 

• demonstration for the need for control in distribution networks to facilitate the future 

expansion of both load and generation; and 

• the design and validation of a distance protection model suitable for use in software 

simulation and on dedicated hardware platforms. 
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1.4 Thesis Organisation 

This thesis is organised into seven chapters. The remaining chapters of the thesis are briefly 

described below.  

Chapter 2 provides an overview of both AC and DC power systems, including their key 

features and applications. The process of converting between AC and DC will be examined 

and technologies described. 

Chapter 3 reviews the systems, components and methodologies employed to detect and isolate 

faulted components during faults on the power system. A summary of distribution protection 

schemes is provided along with a review of HVDC protection.  

Chapter 4 introduces the concept of incorporating controlled MVDC links within distribution 

networks. International demonstration activity in this area will be presented alongside a critical 

literature review of relevant research.  

The apparent AC-side impedance, as measured by a distance protection relay, is determined 

for faults residing on an embedded MVDC link (employing typical converters and controllers) 

in Chapter 5. A novel backup protection method to safeguard against DC faults is developed 

and verified in software. This method does not rely on communications as is the norm with 

existing backup methods deployed in HVDC applications. This chapter represents the main 

contribution to knowledge developed during the PhD. 

Expanding on the proposed protection scheme outlined in the previous chapter, it is 

demonstrated in Chapter 6 how the solution may be implemented on a commercially available 

distance protection relay. Methods to improve the stability of the solution are demonstrated by 

deploying the protection algorithm on a low-cost hardware platform. This chapter also verifies 

the simulated fault impedance on a physical test network. 

Chapter 7 presents a summary of the work presented in the thesis and highlights the key 

contributions to knowledge developed through the research. Future work opportunities are also 

presented. 

Supplementary material is presented at the end of the thesis and consists of a series of network 

studies where the introduction of controlled MVDC links proves to be beneficial from several 

perspectives.  
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1.5 Publications and Achievements 

The following publications and achievements have arisen during the development of this PhD: 

1.5.1 Journal Articles 

A new fast-acting backup protection strategy for embedded MVDC links in future 

distribution networks 

L. Hunter, C. Booth, A. Egea-Alvarez, A. Dyśko, S. J. Finney and A. Junyent-Ferré 

Published in IEEE Transactions on Power Delivery (Early Access) – 18th May 2020 

10.1109/TPWRD.2020.2995479 

ISSN : 0885-8977 

1.5.2 Conference Papers 

MVDC for enhanced utility-scale distribution power delivery and control 

L. Hunter, C. Booth, A. J. Ferré and S. Finney 

52nd International Universities Power Engineering Conference  

(UPEC) 

Heraklion, Crete, 2017 

10.1109/UPEC.2017.8232000 

MVDC network balancing for increased penetration of low carbon technologies 

L. Hunter, C. Booth, S. Finney and A. J. Ferré 

IEEE Power & Energy Society (PES) Innovative Smart Grid Technologies Conference 

Europe  

(ISGT-Europe) 

Sarajevo, Bosnia and Herzegovina, 2018 

10.1109/ISGTEurope.2018.8571838 

The impact of MVDC upon conventional distance protection schemes in hybrid AC-DC 

distribution networks 

L. Hunter, C. Booth, A. Dyśko, S. Finney and A.J Ferré 

15th IET International Conference on AC and DC Power Transmission  

(ACDC 2019) 

Coventry, United Kingdom, 2019 

10.1049/cp.2019.0019 
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Hardware in loop verification of conventional AC distance protection relays in hybrid 

AC-DC distribution networks 

L. Hunter, Q. Hong, C. Booth, A. Dysko, S. Finney and A.J Ferré 

IEEE International Conference on DC Microgrids  

(ICDCM 2019) 

Matsue, Japan, 2019 

Integrated charging of battery electric vehicles using existing LVDC light rail 

infrastructure 

L. Hunter, K. Smith, S. Galloway and C. Booth 

IEEE International Conference on DC Microgrids  

(ICDCM 2019) 

Matsue, Japan, 2019 

An improved fast-acting backup protection strategy for embedded MVDC links 

L. Hunter, Q. Hong and C. Booth 

15th International Conference on Developments in Power System Protection  

(DPSP 2020)  

Liverpool, UK, 2020 

1.5.3 Achievements 

Medium Voltage DC - Freeing up latent grid capacity quickly and affordably 

B4 PS2 Young Member Showcase Presentation  

2018 CIGRE Session  

Paris, France, 2018 

Smart Future Energy Systems (Smart FuturES 2018) conference 

Main Organiser of Inaugural Conference 

Technology Innovation Centre, University of Strathclyde 

Glasgow, Scotland, 2018 

Embedded MVDC for increased penetration of low carbon technologies 

Best Poster Award 

Aachen DC Grid Summit 2018 

Aachen, Germany, 2018 
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Embedded MVDC for increased penetration of low carbon technologies 

Highly Commended Poster 

Hubnet Symposium  

Bath, United Kingdom, 2018 

A New Backup Protection Scheme for Hybrid AC/DC Power Systems 

Best Presentation Award 

Future Power Systems and Smart Grids – Spring 2020 Conference 

Glasgow, Scotland, 2020 
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Chapter 2  
— 

Review of AC, DC and Power 

Conversion Technologies 
 

2.1 Introduction 

Over recent decades, the debate of whether AC or DC is most suited for utility-scale power 

delivery applications has re-emerged [48] [49] [50]. Despite the near-universal adoption of 

AC power systems for electricity transmission and distribution purposes, DC technologies are 

already very common for some applications such as the supply and charging of portable 

appliances e.g. laptops and mobiles phones, in particular via USB standards [51]. It is also 

used internally in many consumer devices, with internal conversion being used to condition 

the AC power supply for use by the appliance. DC is particularly popular in ‘off-grid’ 

applications for example the use of ‘solar-home-systems’, essentially a solar panel and battery 

system, for developing countries. More recently, the trend towards electrification of 

transportation [52], via electric vehicles, represents a significant driver of DC particularly for 

high power charging applications [53] .  

In parallel with this, considerable emphasis has been put on the need to shift towards a low 

carbon economy [25] [38] [39]. Conventional centralised electricity generation based on coal, 

gas and oil are being decommissioned as distributed renewable energy resources, such as solar, 

onshore and offshore wind, offer a more affordable cost of energy [54].  

Section 2.2 presents a discussion on the role of AC systems in modern society as the prime 

means of electricity delivery to customers with a particular focus on utility-scale distribution 

networks. The role of DC power systems and how semiconductor technology can be employed 

for efficient conversion between AC and DC systems will be introduced in Section 2.3. The 

fundamentals behind the conversion techniques will be examined for the predominant 

technologies on the market. The drivers behind HVDC will be investigated in Section 2.4.  

2.2 AC Systems 

The universal adoption of AC for utility-scale power systems is linked with the ease of 

changing system voltage using transformers, to allow cost-effective and efficient transmission. 



28 

A collateral advantage is that, readily engineered, highly reliable and brushless rotating 

machines lend themselves to AC generation of power at scale [55]. For a given power transfer, 

a high voltage system requires less current than a system of lower voltage, but at the expense 

of additional insulation. This allows economic advantage through reduction both in ohmic 

losses and conductor cross-sectional-area. These are the reasons that AC is widely used, and 

that progressively higher voltages are used to transfer progressively higher amounts of power, 

recognising the compromise between losses and the cost of insulation. 

Accordingly, AC systems have historically been the prime candidate for transmitting power 

over long distances. Due to advances in power electronic conversion technologies, the 

dominance of AC is now open to question - as discussed in Section 2.2.2. 

2.2.1 Structure of AC Electricity Supply Networks 

In Scotland, there are three common utility-scale distribution and supply voltages; 33 kV, 

11 kV, and 400 V with limited legacy 6.6 kV sections (all voltages expressed are the line-line 

rms voltages in a three-phase system). The transmission system operator (TSO) supplies the 

distribution network operator (DNO) at grid supply points (GSP) via transformers which 

convert from the transmission voltages in Scotland of 400 kV, 275 kV or 132 kV to 33 kV. In 

England and Wales, 132 kV is classed as a distribution voltage and the 

transmission/distribution interface is from 275 kV or 400 kV to 132 kV. 
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Figure 2-1: Simplified utility-scale electricity network topology 

Figure 2-1 displays a diagram of a utility-scale generation, transmission, distribution and load 

system. Figure 2-2 presents a simplified distribution network topology. The rest of this section 

will make continued reference to the Long Term Development Statements produced annually 

by SP Energy Networks and Scottish and Southern Energy Networks (SSEN) which are the 

two regional electricity network operators (both at transmission and distribution) within 

Scotland [56] [57]. 
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Figure 2-2: Single-line distribution network topology 

From the 33 kV GSP busbar, several circuits supply primary substations located throughout 

the served area. A primary substation converts 33 kV to 11 kV via a transformer with a typical 

rating of between 5 to 20 MVA.  Downstream of the 11 kV transformer there are generally 

between four to six feeders which are run as radial open rings. The use of normally open points 

(NOP) and normally closed points (NCP) allows the open rings to be reconfigured for 

maintenance and fault isolation and restoration purposes. This is achieved by manually 

opening or closing these points (although in some cases remote control and automation can be 

used). To reduce network downtime, switching of these points at 33 kV is generally achieved 

via remote telecontrol.  

11 kV to 400 V transformers, commonly referred to as secondary transformers or secondary 

substations, are distributed along each of the 11 kV circuits. UK Power Networks (the DNO 
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in South-East England, East England and London) states that it typically connects 8 secondary 

units per 11 kV feeder in an urban environment [58]. Standard ratings of these secondary 

transformers are in the range of 500 kVA to 1,000 kVA for urban and suburban applications. 

In a rural environment, secondary transformers are often pole-mounted and of significantly 

lower ratings due to the lower levels of demand. 

Transformers at all voltage levels, other than 11:0.4 kV units, are duplicated to ensure 

redundancy in the event of a transformer failure or planned outage. As alluded to previously, 

most substations have partial interconnection with adjacent substations to allow load to be 

served under a planned or forced outage.  

While interconnection between separate circuits and substations is key to providing a reliable 

power system, too much interconnection may lead to increased fault levels as impedance 

between source(s) of fault current and fault locations reduces. The term fault level is used to 

quantify the maximum prospective current which will flow at a particular point in a network 

should a short circuit event occur [59]. The value is generally stated as an apparent three-phase 

power in MVA (with nominal voltage assumed) or as a single-phase current in kA. The 

maximum design fault levels in the UK for 33 kV and 11 kV distribution systems are 

1,000 MVA (17.5 kA) and 250 MVA (13.12 kA) respectively [56] [60]. The rating of 

switchgear, such as circuit breakers (CB) and fuses, must be able to withstand and operate for 

the maximum fault current expected with equipment such as transformers and cables being 

required to withstand the maximum fault current for a period of 3 seconds [61].   Operating 

above switchgear rating means that current may not be interrupted successfully when devices 

try to open.  

In addition to maintaining and operating power networks, utilities also operate 

communications networks or SCADA (Supervisory Control And Data Acquisition) systems 

which allow for remote monitoring and control of power system assets. The majority of 33 kV 

substations have some degree of communication and remote-control capability, while 

communications and control at 11 kV are considered on a case by case basis according to 

loading, location, communication options etc. LV (400 V) networks generally have no 

monitoring, however with the shift towards the distribution system operator (DSO) model1, it 

is likely that utility communication networks will extend their reach into lower network 

voltage levels [62]. 

 
1  DNOs traditionally adopted network designs to support maximum demand and generation. A DSO uses techniques such as 

automation, ancillary services, markets etc. to actively manage demand, generation and flexible customers to operate its network 

within regulatory and technical limits and to provide more active support to the overall system operator [51] 
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2.2.2 Limitations of AC 

While AC systems have many benefits, they can be challenging to operate under certain 

conditions – particularly for underground cable circuits over long distances. Overhead circuits 

are more widely used for long distance transfers but are more susceptible to faults, as will be 

detailed in the subsequent chapter, and may not be suitable for some applications such as city 

centres and through areas of outstanding natural beauty etc. The reactance associated with 

cables and overhead lines can introduce limitations to real power transfer [63]. As AC circuits 

increase in length, more reactive current (known as charging current) is required to “charge” 

the capacitance of the system. This means that there is less “headroom” available in the 

conductor for the transfer of real power. Compensation technologies, such as switched 

compensation (e.g. capacitors and reactors) and FACTS (Flexible AC Transmission Systems) 

devices, enhance the controllability of AC networks and allow for the power transfer capability 

of a system to be increased and voltages to be managed within operational and statutory limits 

[64].  Figure 2-3 outlines a selection of traditional and FACTS-based compensation 

technologies.  

 

Figure 2-3: Overview of AC compensation technologies [65] 

Other non-desirable properties, such as the skin effect, which is the tendency for current in an 

AC system to flow through the outer region of a conductor [66], start to become limiting at 

long distances. The skin effect effectively reduces the usable cross-sectional area of AC 
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conductors – although the effects of this can be reduced through the use of bundled conductors 

and hollow busbar sections. For the reasons outlined, the maximum length of AC conductors 

is typically between 50 km – 100 km for cable circuits and 600 km – 800 km for overhead 

lines [67]. 

The creation of new AC wayleaves (rights of way) is challenging and expensive. The 

development and delivery of the 400 kV, 220 km, Beauly-Denny transmission line in Scotland 

is a prime example of this [68], where electrical modelling studies were first carried out in 

2001 to identify how best to reinforce the existing 132kV network between North and Central 

Scotland to accommodate increasing renewable generation. In 2005 the route for the circuit 

was proposed - a lengthy public consultation period and a public enquiry then followed. The 

scheme was granted planning permission in 2010 and fully energised late 2015 - 15 years after 

initial studies began.  

With the nature of generation changing so rapidly, subsea cabling is rapidly becoming the 

favoured long-distance, trunk transmission reinforcement method seen in GB [69] [70]. With 

HVDC becoming an ever more reliable and affordable option, it is tending to displace AC 

since it is not subject to the issues mentioned above. Additionally, subsea cabling is not visible 

to the general public, unlike overhead lines, making acceptance of the approach higher and 

therefore potentially allowing projects to be delivered more quickly. 

2.3 DC Conversion Systems 

Despite the predominance of AC in power transmission and distribution applications, DC 

systems have long been present – notably for transportation applications. Historically, battery-

electric vehicles were a common form of transportation in the USA during the early 1900s 

[71]. The ubiquitous (UK-centric) electric milk float also being another notable example of an 

electric vehicle [72]. Additionally, DC technologies have long been deployed for transport 

systems such as urban tramways and subway applications [73].  

There are several options when converting between AC and DC systems: mechanical 

conversion, line commutated conversion (LCC) and voltage source conversion (VSC).  The 

modular multi-level converter (MMC), which will be described later in this chapter, is 

included within the VSC category. Semiconductor-based technologies are now predominantly 

used due to the high losses and maintenance requirements associated with mechanical 

conversion.  

Mechanical, or rotary, converters are effectively two machines with a shared rotating shaft; 

essentially, an AC motor connected to a DC generator forming a mechanical rectifier. These 
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were commonplace in traction applications however the improved efficiency and the reducing 

cost of solid-state technologies have effectively made this topology obsolete. Figure 2-4 shows 

a series of rotary traction converters, each of 4 MW power rating, used to supply the New 

York underground in the early 20th century. The last of these devices were only removed from 

service in the late 1990s [74] [75].  

 

Figure 2-4: 4,000 kW rotary traction converter - 1929  (≈ 400 V AC to 600 V DC) [74]  

2.3.1 Summary of Power Electronic Devices 

There are three main power electronic devices which are extensively employed for the 

conversion between AC and DC – diodes, thyristors and IGBTs (insulated-gate bipolar 

transistor), with their electrical symbols depicted in Figure 2-5. The fundamental physics and 

detailed characteristics for these devices can be found in many power electronics textbooks 

[66]. 

 

Figure 2-5: Electrical symbols for (a) diodes, (b) thyristors and (c) IGBTs with freewheeling 

diode [66] 
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Diodes are two-terminal devices and may be considered as the simplest power electronic 

device. A diode only permits the flow of current (iD) in one direction from the anode (A) to 

the cathode (K), in the case of conventional current, and heavily resists current flow (referred 

to as reserve-blocking) in the opposite direction. Diodes conduct when a small positive voltage 

(VD), in the order of 1 V [66], is present across the device.  

Thyristors are three-terminal devices made up of an anode, cathode and a gate (G). The 

conduction characteristic of a thyristor is similar to that of a diode, however the gate of the 

device must be enabled (iG) to put the device into an ‘on-state’ to allow conduction. Once 

enabled, the thyristor will remain in a conducting state, even if the gate signal is removed, until 

current flowing through the device crosses a zero (iA). When the zero-crossing occurs, the 

thyristor will no longer conduct [66]. 

Both the diode and the thyristor are known as ‘line-commutated’ devices where the switching, 

often referred to as commutation, is influenced by the power circuit - albeit that the thyristor 

can be turned on independently via its gate terminal. The switching of ‘self-commutated’, also 

referred to as ‘force-commutated’, devices does not depend on the electrical parameters of the 

power circuit they are connected to with turn on and off times being fully controlled by an 

external control circuit.  

The IGBT is an example of a force-commutated device which is extensively used in power 

system applications. These devices have three terminals, a collector (C), emitter (E) and gate. 

Like diodes and thyristors, they can only conduct in one direction however, the switching of 

IGBTs is independent of the power circuit to which they connect. IGBTs are enabled and 

disabled by applying a control signal to the gate terminal of the device. IGBTs are often 

packaged with a ‘free-wheeling’ diode connected across the device. This diode is used to 

protect the IGBT module against damage caused by the sudden voltage spikes protected by 

the discharge of energy stored in the DC-side inductors during switching of the IGBTs [66]. 

These diodes are also commonly referred to as clamping diodes, snubbers, anti-parallel diodes 

or fly-back diodes in literature. 

The ideal ‘i-v’ (current-voltage) conduction characteristics for the three power electric devices 

discussed in this section are presented and annotated below in Figure 2-6. 
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Figure 2-6: Conduction characteristic for (a) diodes, (b) thyristors and (c) IGBTs [66] 

The following subsections will provide an overview of LCC and VSC conversion technologies 

and discuss the development of Modular Multilevel Converter (MMC). 

2.3.2 Line Commutated Conversion (LCC) 

Line-commutated current source converters consist of devices which are switched by the 

current of the AC system. As mentioned previously, these devices may include diodes, 

thyristors and, historically, mercury arc valves (prior to the power electronic semiconductor 

age).  

In an HVDC environment, LCC systems are generally employed for long-distance bulk energy 

transfers and are often used to interface remote hydro generation plants with large cities or for 

energy trading between countries. There are many global examples with notable schemes in 

both Canada and China [76]. The 2.2 GW point-to-point Western Link which connects 

between Hunterston, Scotland and Flintshire Bridge, Wales is another example of an LCC 

HVDC scheme [77]. 

LCC technologies are not limited to high voltage applications with extensive use in low 

voltage (e.g. 750 V) traction applications primarily due to simplicity, robustness and low cost 

[78]. Additionally, diode rectification is commonplace within many domestic appliances such 

as LED luminaires, televisions, USB chargers and computers. 

The physical structure of a three-phase LCC converter is outlined in Figure 2-7 where S1a, S1b, 

S2a, S2b, S3a and S3b represent power electronic switching devices (e.g. thyristors). This 

arrangement (also known as a six-pulse full-bridge converter) is the fundamental basis of all 

AC-DC and DC-AC semiconductor-based power electronic conversion techniques whether it 

be a twelve pulse LCC system or more complex VSC-MMC style system.  
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Figure 2-7: General structure of three-phase full-bridge converter with thyristors 

Each switch can be put into a conducting state by triggering, or firing, the device via its control 

terminal. In the case of LCC systems, the device latches (i.e. the device, after being enabled 

by its gate) and remains in a conducting state until a zero-crossing of AC-side current occurs. 

Figure 2-8 shows the conduction period for each of the switching devices (S1a, S1b, S2a, S2b, S3a 

and S3b) in Figure 2-7 superimposed over a three-phase voltage waveform.  

 

Figure 2-8: Conduction diagram for switches S1a, S1b, S2a, S2b, S3a, S3b superimposed on 

three-phase voltage waveform 

Figure 2-9 represents the positive (+ve) and negative (-ve) conduction periods for a diode, or 

thyristor with firing angle of 0°, superimposed on top of a three-phase voltage, consisting of 

voltages Va, Vb, and Vc, to yield the unsmoothed DC side voltage (VDC). 
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Figure 2-9: Conduction envelope for LCC converter 

By delaying the switch-on time for the device (known as the firing angle), the DC-side voltage 

can be controlled. The mean DC terminal voltage (𝑉𝐷𝐶
̅̅ ̅̅ ̅) is defined in equation 2-1 where Vp is 

the peak AC line to ground voltage and α is the firing angle, in degrees, of the power electronic 

device. 

 
𝑉𝐷𝐶
̅̅ ̅̅ ̅ =

3√3𝑉𝑝

𝜋
cos 𝛼 2-1 

LCC converters generate low-frequency harmonics, which include 5th (250 Hz), 7th (350 Hz) 

and 11th (550 Hz) orders for a six-pulse converter [1]. These harmonics are associated with the 
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switching of thyristors, which will naturally lag the AC side voltage. As such, it is common to 

operate LCC converters with a low firing angle, typically 15 – 20°, to try to minimise the 

magnitude of harmonics generated [79]. 

The presence of harmonics on the wider power system may lead to poor power quality due to 

distorted voltages which may cause damage to electronic equipment and heating of 

transformers and machines [80]. To remove these harmonics, AC-side filters are required at 

the terminals of the converter. The reactive power required by these filters can be up to 60% 

of the power transfer rating of an LCC-HVDC system [81]. Filtering also contributes to the 

large physical footprints of LCC systems, e.g. for a full converter station site, sizes are 

estimated at 54 m2/MW [82]. 

The current flow in an LCC scheme is unidirectional and therefore a change in DC voltage 

polarity is required to reverse the direction of power flow in these systems. Power flow reversal 

features are often required for HVDC interconnectors as seen with HVDC schemes between 

France and the south of England [83] [84]. The coordination of this change can make multi-

terminal (i.e. systems with more than two converter station nodes) LCC applications 

ineffective and difficult to operate [85].  

Additionally, operating LCC in weak networks (a weak network is a system with high 

impedance and is associated with voltage stability issues and power transfer limitations [79]) 

is challenging as the high rate-of-change in voltage (e.g. AC faults, switching of loads, 

energising of lines) may lead to commutation failures [86]. Commutation failure is where a 

power electric switch (e.g. a thyristor) fails to turn off and continues to conduct into the next 

AC cycle. Commutation failure may occur when there is a voltage depression at the inverter 

AC bus of more than 10% [87]. When the thyristor on the opposite pole of the same converter 

leg is enabled, this creates a short circuit across the DC bus as outlined in Figure 2-10 [79]. 

The installation of parallel LCC converters in an HVDC environment can have similar effects. 
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Figure 2-10: Short circuit conduction path caused by commutation failure of S3b [79] 

While LCC systems offer the most efficient conversion technology, they create integration 

issues, especially as power grids move away from conventional rotating machines towards 

converter-interfaced (non-synchronous) based generation.  

2.3.3 Voltage Source Conversion (VSC) 

Voltage source converters (VSC) (also referred to as force-commutated converters) are based 

upon semiconductor technologies such as power MOSFETs (metal-oxide-semiconductor 

field-effect transistor) and IGBTs. This technology relies upon external control signals (hence 

the name force-commutated) to allow and block conduction of individual semiconductor 

devices at will. These control signals often switch devices at frequencies many hundreds of 

times faster than the fundamental (e.g. 50 Hz) for power applications (e.g. 2 kHz) [88]. The 

use of higher switching frequencies allows the low-pass filters required to remove these 

harmonics to be significantly smaller when compared to LCC – typically VSC sites are 

between 50% to 80% the area of a comparable LCC scheme [82]. As the switching frequency 

increases, the switching losses which occur every time a power electronic device is switched 

on or off, become more apparent [89]. There is, therefore, a trade-off to be made between 

switching losses and the size, cost and performance of filters.   

To change the direction of power flow in an LCC system, the voltage polarity of the DC link 

needs to be reversed as the current can only flow in one direction in these systems. The ability 

to control the individual IGBTs independently of the AC system in VSC schemes allows the 

direction of the current to be changed relatively easily. Since the direction of the DC current 
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can be controlled, the polarity of the DC-side voltage can be fixed while still allowing the 

bidirectional flow of power. As such, the fixed polarity of VSC schemes makes multi-terminal 

DC grids more achievable as the coordination of converters to change voltage polarities is not 

required [79]. 

Figure 2-11 presents the basic structure of one ‘leg’ of a two-level VSC converter with the 

associated truth table in Table 2-1. Within the converter, it is of utmost importance that 

switches on the same leg (e.g. S1a and S1b) are not simultaneously closed otherwise a short 

circuit is created. 

  

S1a S1b Vout Comment 

0 0 0 
Blocked  

(Open circuit) 

0 1 - VDC – 

1 0 + VDC – 

1 1 – 
Invalid  

(Short circuit) 
 

Figure 2-11: Basic two-level converter leg Table 2-1: Truth table for output voltage 

for various switching states 

Sinusoidal pulse width modulation (SPWM) allows the average voltage produced by the 

converter to be created and controlled. For a balanced system, the output voltage (vout) is 

presented in equation 2-2 where m(t) is the modulation function, expressed in equation 2-3, 

and VDC is the DC bus voltage.  

 
𝑣𝑜𝑢𝑡 =

𝑉𝐷𝐶

2
× 𝑚(𝑡) 

2-2 

   

 𝑚(𝑡) = 𝑀𝑠𝑖𝑛(𝜔𝑡 + 𝜙) 2-3 

The modulation function can be manipulated in terms of magnitude (M), angular velocity (ω) 

and phase (ϕ). This modulation function is compared to a high frequency triangular carrier 

signal which produces a square wave output with variable “on” and “off” durations (Figure 

2-12). This square wave represents the control signal for one of the switches of the converter 

(e.g. S1a = 1), while its neighbour receives the conjugate value (e.g. S1b = 0). Using three 

modulation functions, with appropriate phase offsets, allows three-phase voltages to be 
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produced. Since the switching of devices occurs at high frequency, it is easy to remove the 

high order harmonics, using filters, to achieve near-sinusoidal voltages and currents. 

 

Figure 2-12: Voltage reference and triangular carrier with associated PWM switching output 

As the turn on and turn off times for all the switches can be manipulated independently from 

the AC system (unlike with thyristors where the device can only be enabled by a control signal 

and not disabled), this converter type can provide full control of both real and reactive power 

supplied from the converter when acting as an AC source to a supplied system (that is, it can 

control the angles between the supplied AC-side voltage and current as required). VSC 

converters are therefore more suitable than LCC schemes for connection in weaker grid areas 

and distribution networks [90] because the reactive power required during commutation is 

minimal [91]. Additionally, since they do not require a line voltage for commutation, VSC 

schemes may also offer black start provision – black start is the procedure used to restore 

power to a “dead” system in the event of a complete or partial de-energisation of an electricity 

supply system [92]). 
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Historically, up until 2010, VSC converter designs were developed to power capacities of up 

to 400 MW and DC voltages of ± 400 kV [93] [94]. This was achieved by series connecting 

multiple IGBT devices, which had individual voltage ratings of up to approximately 4.5 kV 

[95], to form the DC voltage [96] as outlined in Figure 2-13. The challenge with series 

connecting IGBTs was ensuring that all the devices switch simultaneously. A small delay in 

switching would result in the full DC voltage being placed across a single IGBT which would 

often lead to failure of the device. 

 

Figure 2-13: Example of the series connection of IGBTs to achieve higher DC-side voltages 

for a conventional two-level VSC converter 
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2.3.4 Comparison of HVDC Technologies 

A comparison between the key parameters of VSC and LCC HVDC conversion systems is 

provided below in Table 2-2. In summary, while VSC systems offer increased controllability, 

a reduced site footprint and higher power quality, LCC HVDC links are capable of delivering 

significantly higher power transfers and are more tolerant against DC faults 

Table 2-2: Summary of key parameters of LCC and VSC [97] [98] [99] 

 LCC  VSC (including MMC) 

DC voltage 
± 800 kV  

(more recently ± 1.1 MV) 
± 640 kV 

DC power rating 10 GW 3 GW 

Switching device Thyristor IGBT 

Reactive power 

requirements 
Up to 60% rated power 

None; full control of real and 

reactive power 

AC filtering requirement Large filter banks 
Significantly reduced  

(none/minimal for MMC) 

Losses (as percentage of 

station power rating) 
~ 0.8%  ~ 1.0%  

Footprint [82] Large (e.g. 54 m2/MW)  
Typically, 50-80% the size of 

an LCC site (e.g. 41 m2/MW) 

Fault handling Robust 

Very vulnerable other than 

FB-MMC but at the expense 

of increased operational 

losses (as will be described 

in Section 2.3.5). 

Multi-terminal 

capability 
Proven to be challenging  

Regarded as being simpler 

due to fixed voltage polarity 

Black start capability No 
Yes - with appropriate 

control systems 

Control complexity 

Reduced due to self-

commutation and lower 

switching speed 

Increased over LCC due to 

force-commutation. 

MMC adds further 

complexity 
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2.3.5 Modular Multilevel Converter (MMC) 

The modular multilevel converter (Figure 2-14) is the result of essentially cascading several 

VSC converters or ‘cells’ to create a bridge ‘arm’ and therefore allowing the voltage stress 

across each switching device to be reduced. There are many topologies and cell arrangements 

proposed in literature and deployed commercially. The general converter arrangement is 

outlined below in Figure 2-14 where Larm is the arm inductance for filtering and current 

limiting purposes and n is the total number of submodules. 

 

Figure 2-14: Three-phase MMC topology with n submodules in each arm. 

There are several advantages to this approach, including: 
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• in-built redundancy in the system; 

• improved AC side power quality (reduced harmonics); 

• increased power and voltage ratings over conventional VSC topologies; 

• a reduced converter station footprint (i.e. a higher energy density); and 

• increased efficiency over conventional VSC topologies. 

 

Figure 2-15: MMC cell construction (a) half-bridge (HB) and (b) full-bridge (FB)  

Figure 2-15 presents two basic cell structures for the half-bridge (HB) and the full-bridge (FB) 

converter. The HB structure is a more efficient conversion method when compared to the FB-

MMC as current flows through fewer power electronic devices therefore reducing the 

conduction loss of the system. This topology has similar vulnerabilities to a conventional two-

level VSC systems during DC-side faults due to the placement of the freewheeling diodes - as 

will be outlined in detail later. The greatest advantage of the FB arrangement is its ability to 

control and block current flow during DC-side faults but this is at the at the cost of increased 

conduction loss during steady-state operation. During DC-side faults, FB-MMCs can impose 

a negative voltage, supplied by the energy stored in the capacitors, preventing fault current 

flowing from the AC system into the DC-side fault [100] . The extra losses associated with the 

FB-MMC during normal operation makes the technology unattractive with current thinking 

favouring HB-MMC technologies for multi-terminal DC systems [88]. 

The output voltage of each arm (Varm) of an MMC is given in equation 2-4 where n is the 

number of cells in the arm and Vsubmodule is the voltage across the capacitor of each submodule.  

 
𝑉𝑎𝑟𝑚 = ∑ 𝑉𝑠𝑢𝑏𝑚𝑜𝑑𝑢𝑙𝑒

𝑛

𝑖=1

 2-4 

In high voltage applications, converters may have between 200-400 cells [88]. As each 

submodule represents a discrete voltage step, each MMC submodule switches significantly 

more slowly than a conventional VSC scheme with switching frequencies in the range of 100 

– 200 Hz [88], unlike conventional two-level VSC where devices commonly switch between 

S1a

S1b

S2a

S2b

C
S1a

S1b

C

(a) (b)
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1 – 2 kHz. The output AC voltage from an MMC much more closely resembles a pure sinusoid 

than its VSC counterpart. Therefore, the filtering requirement of MMC is further reduced when 

compared to standard VSC systems – and in some cases zero. A typical output from an MMC 

is presented in Figure 2-16 and compared against the voltage trace produced by a standard 

two-level VSC converter. 

 

Figure 2-16: Example output voltages for an MMC and a two-level VSC converter 

2.4 HVDC 

While this thesis is concerned with MVDC, it is worth highlighting the drivers behind the 

adoption of HVDC technologies as much of the knowledge is transferable. This section 

describes why HVDC development is currently an attractive proposition for grid operators for 

certain applications. According to [1], HVDC transmission projects fall into one or more of 

the following four categories.  

i. transmission of bulk power; 

ii. interconnection of systems either with different frequencies or that are 

unsynchronised; 

iii. addition of power infeed (e.g. an offshore wind farms [101]) without increasing short 

circuit level of the receiving AC system; and 
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iv. improvement of AC system power quality via fast control of HVDC. 

As alluded to previously in Section 2.2.2, HVDC is widely used for transmission system 

reinforcements and interconnections. When selecting a DC solution over a conventional AC 

approach, there are two critical distances which ultimately govern the decision: the critical 

distance for losses (Figure 2-17) and the critical distance for capital investment (Figure 2-18). 

When comparing the ohmic losses of HVDC transmission circuits against equivalently rated 

AC circuits, HVDC systems are generally found to be more efficient for reasons outlined 

previously. However, the process of converting from AC to DC, and vice versa, represents a 

source of loss when considering an HVDC system as a whole. For this reason, the losses in 

AC systems are lower than HVDC at short distance, however in the example presented in 

Figure 2-17 it is observed that once transmission distance reaches approximately 250 km (for 

a transfer of 1.2 GW), HVDC represents a more efficient means of power transmission.  

 

Figure 2-17: Comparison of losses against transmission distance for HVDC versus HVAC 

for a 1.2 GW overhead line system [102] 

While the losses of a system are important, the cost of the solution must also be considered. 

The investment required to create a DC converter station is much greater than an equivalently 

rated AC connection, however, the cost of DC conductors for a given transfer capacity is lower 
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than an equivalently sized AC conductors as less material and no reactive compensation is 

required. Over a certain line length (known as the “critical distance”), typically 50 km for 

subsea cables and 600 km for overhead circuits, DC starts to offer a more cost-effective means 

of power delivery in terms of both operational and capital expenditure. Other metrics such as 

controllability and grid conditions must also be considered when comparing DC and AC 

solutions. 

 

Figure 2-18: Investment cost comparison between DC and AC systems [102] 

The first commercial HVDC link (Gotland 1) was commissioned in 1954 by ABB. The 96 km 

subsea cable connected between the Swedish Island of Gotland and the Swedish mainland. 

The link was initially of 20 MW rating with a nominal DC voltage of 100 kV – the exact 

electrical topology of the link appears to be undocumented from the available published 

literature on the project. The system originally deployed mercury arc valves (MAV) until it 

was upgraded in 1970 when thyristors were connected in series with the MAVs to increase the 

rated voltage to 150 kV [103]. 

As well as hosting the first LCC installation, Gotland also claims host to the first VSC link. 

Commissioned in 1999, the 50 MW link operating at ± 80 kV was deployed to mitigate against 

the poor power quality on the AC-system in the region caused by existing wind generators 
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(40 MW). Two underground cables of 70 km were installed to connect the south of Gotland 

to the city of Visby in the north-west of the island [104]. 

Since these pioneering installations, the number of HVDC installations worldwide has 

increased with more than 150 systems (including back-to-back schemes) in operation with 

many more projects in development. Figure 2-19 displays the four operational HVDC links 

within the UK as of early-2018 on the left and the number of HVDC links expected to be in 

operation by 2030 on the right; with many of the proposed links now in operation, under 

construction or in planning. 

 

Figure 2-19: HVDC in the UK for mid-2018 (left) and by 2030 (right) [97] 

The key advantages of HVDC can therefore be summarised as: 

• the elimination of charging current and skin effects (reduction of losses); 

• the interconnection of independent AC synchronous grids (primarily for bulk energy 

sharing/trading applications); 

• greater power transfers are possible using DC than AC for a given voltage/insulation 

level; 

• full control of real and reactive power flows (if VSC is used); 

• the creation of natural “firewalls” between systems so that disturbances occurring in 

one system area are not reflected to the other (although this can of course still happen 
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if one system is supplying critical infeed to the other and the supplying system fails); 

and 

• increased infeed capacity for a supplied system without significantly changing the 

sending and receiving systems’ fault levels. 

While HVDC systems have many advantages over equivalent AC systems, it should be 

highlighted that there are several notable examples of the technology not performing as 

expected. One such example is the £1.3 billion Western HVDC link, mentioned previously, 

which has experienced multiple cable faults since its delayed delivery. At the time of writing, 

the project is being investigated by the GB energy regulator, OFGEM (Office of Gas and 

Electricity Markets), to determine whether any licence conditions were breached by National 

Grid Electricity Transmission and/or Scottish Power Transmission [105] [106]. 

2.5 Summary 

This chapter has provided a review of AC power systems and has introduced their typical 

design. AC has historically been preferred over DC due to the ease of transforming between 

voltage levels. DC systems for transit applications have been popular since the early 1900s, 

however the use of DC for utility-scale power system applications was minimal until the 1950s 

with the introduction of the world’s first HVDC link.  

Since then, DC technologies have increasingly played an important role in transmission 

systems especially with the shift towards a low-carbon energy system (e.g. to interface remote 

hydro schemes with load centres). HVDC, particularly via subsea cabling, is fast becoming 

the prevalent method to quickly achieve transmission network reinforcements in GB (e.g. the 

Western Link and Caithness-Moray). The technology starts to become commercially and 

technically attractive for cable circuits which are longer than 50 km and overhead lines greater 

than 600 km [107].  A comparison between key parameters of VSC and LCC HVDC 

conversion systems was provided in Table 2-2. 

As HVDC technology becomes more prevalent in transmission networks and while more low-

carbon generation continues to connect to distribution networks, the question of whether DC 

in distribution networks makes sense technically and commercially is starting to be 

investigated by network operators. This question will be explored in more detail in Chapter 4.  
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Chapter 3  
— 

Review of Power System Protection 

Fundamentals 
 

3.1 Introduction 

Protection schemes safeguard power networks from the effects of faults (most commonly short 

circuits – types of faults are discussed in the next section) by disconnecting defective elements 

– typically within 100 ms for transmission networks. If a fault remains on a system indefinitely 

there is a high risk of equipment damage and wide-area system blackout, and this would also 

pose a hazard to people and buildings in the vicinity of the faulted power system component.  

This chapter introduces the role and need for power system protection. Section 3.2 outlines 

why power system protection is required by examining the sources and effects of faults. 

Equipment required to detect and isolate faults from the power system is described in Section 

3.3. Performance requirements are also introduced in this section. Commonly applied fault 

detection techniques are presented and discussed in Section 3.4. An overview of protection 

schemes deployed as part of a distribution network is outlined in Section 3.5. With the shift 

towards DC technologies, as outlined in the previous chapter, challenges associated with the 

protection of DC systems is introduced in Section 3.6.  

3.2 Electrical Faults 

No matter how much effort is put into preventing them, faults will always occur. The art of 

power system protection is to detect and react to faults while minimising their impact when 

they inevitably materialise. A power system fault may arise at any voltage and power level 

due to a diverse range of causes, including; 

• vandalism (such as metal theft) [Figure 3-1]; 

• wildlife (animals e.g. spanning conductors); 

• vegetation encroachment (tree branches spanning conductors) [Figure 3-2]; 

• assets reaching their end of life (insulation degradation); 

• weather events (lightning, wind, solar storm, snow, ice); 

• poor equipment installation (improper termination or cable joints); 
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• substandard manufacturing of devices (insulation damage, poor connections); and 

• accidental damage (e.g. contractors cutting through underground cables) [Figure 3-3]. 

 

Figure 3-1: Attempt to forcefully remove equipment from substation [108] 

 

Figure 3-2: Tree branch spanning all conductors on an overhead line [109] 
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Figure 3-3: Excavator cutting though an underground cable causing a short circuit [110] 

The likelihood of a fault occurring on a circuit is primarily linked to the physical properties of 

the network. For example, an overhead line in an exposed location will be very likely to 

experience a greater number of faults over its operational life than an underground cable. This 

is because the overhead line is prone to risks such as inclement weather conditions, 

animals/vegetation spanning conductors and lightning events whereas the cable is protected 

from such phenomena by being underground or in a duct. A series of tables are presented to 

highlight the likelihood and characteristics of different event types. Table 3-1 outlines the 

percentage distribution of recorded disturbances by fault cause for two Nordic countries 

(Finland and Iceland) based on 2012 field data which resulted in an interruption to supply. 

Table 3-2 presents the distribution of faulted assets during the same period. These statistics 

cover transmission voltages ≥ 132 kV. In these tables, a grid disturbance is defined as an 

outage, forced or unintended disconnection or failed reconnection as a result of faults in the 

power grid [111].  There is not a great deal of publicly available data relating to fault statistics.  
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Table 3-1: Causes of grid disturbances for two Nordic countries leading to a supply 

interruption (2012) [111] 

Fault cause 

Percentage distribution of 

disturbance (%) 

Finland Iceland 

Lightning 18 0 

Other environmental causes  

(e.g. Ice, snow, vegetation, wind, pollution, forest fires etc.) 
33 63 

External influences  

(e.g. Vandalism, birds and animals etc.) 
1 2 

Operation and maintenance  

(e.g. fault in protection setting, human error etc.) 
5 3 

Technical equipment 

(e.g. Installation error, vibration, aging, corrosion etc.),  
8 10 

Other 

(e.g. faults in external networks, a major fault within customers 

premises)  

5 23 

Unknown 30 0 
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Table 3-2: Faulted asset percentage distribution for two Nordic countries (2012) [111] 

Faulted asset 

Percentage distribution 

of faulted assets (%) 

Finland Iceland 

Overhead line 63.9 16.2 

Underground cable 0.1 0.0 

Power transformer 2.2 1.3 

Instrumentation transformers (CTs and VTs) 9.5 0.0 

Circuit breakers 3.4 75.6 

Disconnector 1.7 0.0 

Surge Arrester and spark gap 0.0 0.0 

Busbar 7.5 0.0 

Control equipment 9.0 1.3 

Other substation faults 0.0 0.0 

Compensation equipment faults 0.0 0.0 

Other faults 1.1 5.6 

Total number of faults (absolute number) 445 40 

The vast majority of faults are short circuits. However, other situations (e.g. open circuits, 

unbalanced operation, sustained overloading, islanding) must also be guarded against – many 

of these other conditions may have a root cause of a short circuit, but other phenomena can 

and do cause undesirable conditions, and must be protected against. For example, an open 

circuit fault will cause current to reduce to zero while voltage remains around its nominal 

value. A typical open circuit fault could be a broken conductor [112] [113]. They can be 

difficult to detect but may be detected via unbalance in a three-phase system [114]. However, 

most faults involve short circuits. 

During a short circuit, the voltage difference between faulted conductors and/or ground at the 

point of fault reduces to near zero (depending on the resistance of any arc involved between 

the conductor(s) and ground, if ground is involved) while the current contribution rises to a 

value limited by the impedance between the source and the point of fault as well as the ability 

of the source to supply current. Short circuits can be either symmetrical or asymmetrical 

events. A symmetrical event is where voltage and currents remain balanced across all three 

phases such as in phase-phase-phase-ground and phase-phase-phase faults. An asymmetrical 

fault is where an unbalance exists between phases (e.g. phase-ground, phase to phase).  
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A variety of fault types are outlined in Figure 3-4 for a three-phase AC system with DC faults 

for a two-wire system illustrated in Figure 3-5. Table 3-3 presents a typical distribution of 

short circuit event types for a conventional overhead AC distribution system. 

 

Figure 3-4: Main fault types in a three-phase AC system 

 

Ph-G

Ph-Ph-G

Ph-Ph-Ph

Open circuit

Ph-Ph-Ph-G

Ph-Ph
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Figure 3-5: Main fault types in two-wire DC system 

Table 3-3: Approximate probability distribution of AC short circuit fault types (for overhead 

systems) [115] 

Fault Type Probability of Fault (%) 

Single Phase to Ground 70 – 80 

Phase-Phase-Ground 10 – 17 

Phase to Phase 8 – 10 

Three Phase 2 – 3 

3.3 The Protection System 

Although faults cannot be prevented, it is important that they are identified and disconnected 

from the system quickly to maintain a safe, reliable and functional electricity grid and to avoid 

excessive damage. All network-connected devices (e.g. generators, transformers, 

compensation equipment, lines, cables and loads) should be protected by a minimum of at 

least one system. To detect different fault types, enhance security and to protect against the 

failure of an element or subsystem within an individual protection system, it is commonplace 

for network elements to be protected by multiple devices. These devices can either provide 

primary (main) or backup protection (required when an element of the main protection 

system(s) fail) against faults [116] [117] . 

P-P

P-P-G

Open circuit

P-G
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3.3.1 Protection System Performance Requirements 

Throughout this thesis, reference will be made to the four performance requirements of power 

system protection; selectivity, sensitivity, operation time and stability [118].  

1) Selectivity – the ability of a protection system to select whether to operate or not for 

a given set of measured input values. This is also sometimes referred to as 

discrimination. 

2) Sensitivity – the ability of the system to identify faults which may appear very similar 

to normal operating conditions. 

3) Operation time – the time between the fault inception and the trip signal being sent 

to appropriate devices. 

4) Stability – the capability of a protection scheme to remain inoperative under certain 

fault conditions allowing other protection devices to clear the event. 

These criteria are placed into context in Section 3.4 where the main types of protection 

schemes used in power networks are described. 

3.3.2 Instrumentation for Protection Systems 

Protection systems generally rely upon a measured input of system current and/or voltage. To 

obtain voltage and current measurements from the power system, voltage transformers (VT) 

and current transformers (CT) are employed. The ratios of CTs and VTs are selected by 

considering the system voltage level and loading (or, more precisely, the capacity of the 

protected equipment, as sometimes this is higher than prevailing maximum load levels to cater 

for future load growth). Instrument transformers scale the primary side voltages and currents 

to a level more readily interfaced with protection relays. The secondary value of a CT is usually 

referred to a 1 A or 5 A scale (for nominal primary system ratings) while the secondary voltage 

of a VT is generally referenced to 110 V rms phase-phase (for the nominal system phase-phase 

rms) voltage [115]. This allows for the standardisation of protective relays and instrument 

transformers for a range of voltage and power levels [119] [120]. A typical distribution VT 

may have ratings of 33,000:110 V or 11,000:110 V while a CT may have a ratio of 750:5 A 

or 400:5 A [121]. 

3.3.3 Protection Relays 

According to the IEEE Standard for Relays and Relay Systems Associated with Electric Power 

Apparatus [122], a relay is defined as:  
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“… an electric device designed to respond to input conditions in a 

prescribed manner and, after specified conditions are met, to cause contact 

operation or similar abrupt change in associated electric control circuits. A 

relay may consist of several relay units, each responsive to a specified input, 

with the combination of units providing the desired overall performance 

characteristic of the relay. Inputs are usually electrical but may be 

mechanical, thermal, other quantities, or a combination of quantities.” 

Protection relays are therefore responsible for the detection of faults and decision-making 

relating to whether to trip immediately, trip with a time delay (typically for remote faults in 

backup mode that should be cleared by other main protection systems) or not trip at all for a 

given set of input measurements. The principle of protection relaying is to disconnect the 

fewest possible number of customers/assets when a fault occurs while isolating the faulted 

asset.  

Relays have developed over several decades from electro-mechanical devices through to static 

(analogue electronic with no moving parts), digital and ultimately to numerical or Intelligent 

Electronic Devices (IED) used at present [123]. All of these technologies are in present-day 

operation on the electricity system, with electromechanical devices still used in certain 

applications (typically lower voltages) due to their cost, simplicity and reliability.  

3.4 Protection Schemes 

There are various methods for detecting faults on power systems. Typically, this is achieved 

using measurements of currents and/or voltage although other detection techniques are used. 

The temperature of a rotating machine or transformer may also give an indication as to the 

status of the plant, although this may be more applicable to condition monitoring rather than 

fast-acting fault protection. Frequency, as mentioned in Chapter 1, is a widely used method of 

detecting faults on the power system. Rate-of-change-of-frequency (RoCoF) relays are used 

to detect whether a loss-of-mains event has occurred. Low Frequency Demand Disconnect 

relays (LFDD) are used to limit the fall in frequency during extreme events [124]. In the GB 

power system these relays start to disconnect demand should system frequency fall below 

48.8 Hz [125].  The tripping of these relays was witnessed during an event on the GB system 

on the 9th August 2019. Approximately 1.1 million customers were disconnected which 

resulted in 1 GW (5%) of load being disconnected from the system [126]. The root cause of 

the event was linked to lightning strikes which caused several generators to disconnect.  

Figure 3-6 shows the main elements within a typical protection scheme.  
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Figure 3-6: Typical protection topology 

Protection schemes generally fall into one of two categories: unit or non-unit. A unit scheme 

protects a predefined section and is not sensitive to faults outside of the protected region. Unit 

schemes often require communication links or pilot wires to operate - especially when 

protecting cables and overhead circuits. An example of a unit scheme which does not require 

communications is transformer protection as all measurements are local to the relay and there 

is no need to exchange information between substations. This protection method measures the 

difference between the current entering and leaving a transformer while taking the turns ratio 

of the transformer into account. Should the currents entering and leaving the transformer not 

consistent, it can be assumed that a fault resides within the transformer [118].  

Non-unit schemes, while designed to protect a specific zone or item or equipment, cannot 

provide coverage for a precisely defined section of the power system. This is because non-unit 

schemes typically derive measurements from a single point on the system and therefore 

changes in operating conditions (e.g. variations in fault level, different fault resistance and 

return path impedances) make it impossible to be certain of whether a fault resides within a 

specific and exactly defined protected zone, or not. However, non-unit schemes provide 

necessary, valuable and effective backup protection through their inherent overlapping 

adjacent zones of protection [127]. While such schemes cannot normally detect the exact 

location of a fault, they normally are set up such that for faults relatively close to the 

measurement point, relatively fast tripping operation is initiated (i.e. the scheme operates in 

“main protection” mode), while for faults deemed to be relatively further away, a delayed 

operation is configured such that the protection will provide backup in the event of failure of 

adjacent protection systems. The boundary between “close” and “further away” is usually 

configured (using relay settings) to be around the boundary between the main protection 

equipment/zone and other equipment/zones for which backup operation is desired. 

Communications can also be used, in a variety of ways, to enhance the performance of non-
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unit schemes. However, any non-unit scheme should be capable of operating (even in a 

degraded mode) when communications is lost; which is not always the case for unit protection 

schemes, which typically are rendered ineffective if communications facilities are lost.  

To ensure reliability, measurement equipment (i.e. use of different cores on CTs), protection 

relays and other ancillary equipment are normally duplicated (and sometimes even triplicated 

at transmission voltages) to ensure that faults of all types can be detected and isolated [118]. 

It is mandated that unit and non-unit protection relays are both used to provide backup should 

the main protection (or communications used by main protection) fail. Other failures (e.g. of 

circuit breakers) would also be detected and reacted to, either by overlapping non-unit 

protection, or by dedicated circuit breaker fail protection. 

While many protection systems exist, a short summary of three widely deployed approaches 

to power system protection is presented in the following subsections. Overcurrent and 

differential protection methods are highlighted in Section 3.4.1 and Section 3.4.2, followed by 

Section 3.4.3 which introduces distance protection relays. Distance protection will form the 

basis of the proposed fast-acting backup protection solution for embedded DC links developed 

in this thesis, so will be examined in relatively more detail than the other main types of 

protection. 

3.4.1 Overcurrent Protection 

This type of protection functions when the measured current exceeds a predefined threshold. 

At higher voltage levels, overcurrent protection is generally deployed as backup protection. 

Figure 3-7 outlines a typical overcurrent scheme employing a relay that has an input from a 

current transformer. The relay typically compares the measured current with a threshold either 

mechanically, via analogue electronics or via software. Fuses also offer overcurrent protection 

and are deployed extensively at 11 kV and LV. Overcurrent typically represents the cheapest 

form of power system protection [127].  

 

Figure 3-7: Overcurrent protection system topology 

Fault
Overcurrent 
Protection 

Relay
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A simple time delay can be applied to an overcurrent scheme such as that used in a definite 

time (DT) relay. This approach will trip the relay after a pre-determined time should a current 

threshold be exceeded. Figure 3-8 presents a simple network with three busbars. The network 

is protected by three DT overcurrent relays – one at each busbar. A grading margin of 0.4 s is 

applied between the relays with the relay at busbar C set to trip with a time delay of 0.3 s. Fault 

levels at each busbar are also presented. Figure 3-9 presents the time/current characteristic for 

the scheme. 

 

Figure 3-8: Overcurrent protection for three serially connected feeders. 

 

Figure 3-9: Time/current characteristics for relays A-C 

From Figure 3-9 it is clear that a fault at position F1 would be disconnected after the same 

time delay as fault F2. This has the somewhat negative consequence that faults with the highest 

currents will be cleared in the same time as faults that are marginally over the tripping 

threshold – which can be problematic in that high short circuit currents may be allowed to 

A B C

Fault level (A) 3000 2000 1000

Current setting (A) 200 125 75

Tripping time (s) 1.1 0.7 0.3

F1 F2
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persist for relatively long times – increasing the risk of severe damage/fire and other 

undesirable consequences. 

To counteract this problem, an inverse time characteristic, such as those in an inverse definite 

minimum time (IDMT) relay, can be employed. This characteristic reacts more quickly for a 

large fault current than for a smaller measured value. The IDMT tripping characteristic can 

take multiple forms as outlined in equations 3-1, 3-2 and 3-3 where t is the operation time of 

the relay, TMS is the time multiplier setting, Is is the relay setting current and Im is the current 

measured by the relay (supplied via the secondary of the CT).  

Standard inverse (SI) 
𝑡 = 𝑇𝑀𝑆 ×

0.14

(
𝐼𝑚
𝐼𝑆

)
0.02

− 1

 
3-1 

Very Inverse (VI) 
𝑡 = 𝑇𝑀𝑆 ×

13.5

(
𝐼𝑚
𝐼𝑠

) − 1
 

3-2 

Extremely inverse (EI) 
𝑡 = 𝑇𝑀𝑆 ×

80

(
𝐼𝑚
𝐼𝑠 )

2

− 1

 
3-3 

Figure 3-10 presents the standard inverse (SI), very inverse (VI), extremely inverse (EI) and 

definite time (DT) characteristics graphically. High set, or instantaneous, overcurrent 

parameters can be optionally specified to provide an immediate trip when it is known that a 

fault is “definitely” on the main protected line and not the next line. The measured fault current 

must be sufficiently higher than the maximum current expected by any “downstream” relaying 

devices. The setting current for instantaneous elements is typically set to 130% of the fault 

current expected at the next downstream relay’s location [118] [128]. 

Overcurrent relays are generally the least stable, sensitive and selective of the three protection 

schemes outlined, but are widely used at lower voltages as they are an effective and economic 

solution for applications where the consequences of faults are not critical to the stability and 

security of the overall power system. 
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Figure 3-10: IDMT (IEC 60255) and DT relay characteristics (Is = 200 A; TMS = 1.0) 
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3.4.2 Differential Protection 

Differential protection schemes detect faults within a predefined network section and are not 

sensitive to faults external to their protection zone. Figure 3-11 represents a differential 

protection scheme which monitors a section of line – differential protection is also widely used 

to protect transformers, generators and busbars.  When a fault occurs within the protected 

section, the current entering the line at point Iin is unequal to the current leaving the system at 

Iout. This imbalance creates certainty that the fault resides within the protected zone and 

therefore a trip signal is issued to circuit breakers.  

 

Figure 3-11: Differential protection system connection topology 

Differential protection, particularly for overhead lines and cable circuits, requires 

communications for example via radio frequencies, power line carrier (PLC), optical fibre, 

pilot wires, etc. The use of communications can introduce a time delay between measuring a 

local value and comparing it against the remote measurement. GPS/Galileo time 

synchronisation is often applied to ensure that time-concurrent measurements are compared. 

Alternatively, a measurement or estimate of the propagation delay is used and measurements 

are synchronised using this information [118] [129] [130]. Due to the requirement for multiple 

measurements and the need for communications, differential protection is often expensive to 

deploy. 

Differential systems are highly sensitive for faults which reside inside of their protected zone 

but are not sensitive to faults external to their zone and are therefore very secure and stable. 

Differential protection will not detect overload conditions, although modern multi-function 

protection relays may run additional functions alongside the main differential protection 

algorithm [131]. 
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3.4.3 Distance Protection 

The backup scheme proposed in this thesis is based upon distance protection. Distance 

protection is a well-established method in both transmission and higher voltage distribution 

systems (generally ≥ 33 kV). The subsequent subsections will provide an overview of distance 

protection principles, introduce the basic principles of impedance calculation, and provide an 

overview of a selection of communication-assisted distance protection schemes. More 

information surrounding distance protection and the protection methods outlined previously 

can be found in various protection textbooks [115] [118] [132].  

3.4.3.1 Distance Protection Principles 

The tripping time of a distance protection relay is determined by the distance (which is largely 

proportional to the line impedance – neglecting fault resistance) between the relay 

measurement point and the fault location. Distance relays rely upon the measurement of both 

voltage and current from which the apparent impedance is derived (Figure 3-12).  

 

Figure 3-12: Distance protection system topology 

A fault relatively near to the measurement point will result in a lower calculated apparent 

impedance than a fault relatively further away from the measurement point. This principle 

allows operational zones, typically three (and sometimes more), to be defined as presented in 

Figure 3-13 [133]. Distance protection is not a type of unit protection due to uncertainty in 

fault location near to zone boundaries (uncertainty is caused by measurement errors, 

differences in line impedance (e.g. due to temperature) and fault impedance).  

• Zone 1 generally reaches to approximately 80% of the first protected feeder (Line RS 

in Figure 3-13) to prevent overreach into Zone 2 which would be caused by errors in 

the transducers, the relay itself and in the estimation of line parameters.  

• Zone 2 is typically set to 120% impedance of the protected line (120% of Line RS).  
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• Zone 3 typically reaches to 120% of the combined impedance of lines RS and ST 

[118]. 

Suggested distance protection clearance times for a distribution network operator are presented 

in Table 3-4. These times are designed to allow a remote circuit breaker closer to the fault to 

clear the fault first, except in the case of a zone 1 fault, where the local breaker would be 

tripped as quickly as possible. This time-delayed zone approach is designed to reduce the 

number of customer interruptions associated with a downstream fault. Distance protection is 

also directional and can differentiate between faults “in front” or “behind” the measurement 

point.   

 

Figure 3-13: Distance protection zone diagram using Mho characteristic 
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Table 3-4: Example of distance protection clearance times for a Scottish DNO [57] 

Zone Maximum permissible clearance time (s) 

Z1 0.150 

Z2 0.500 

Z3 1.300 

Different tripping characteristics may be specified. These include the standard “Mho” (an 

offset circular characteristic), quadrilateral, lenticular and plain impedance characteristics. 

These tripping regions generally cover the positive resistive and inductive quadrants as in 

Figure 3-13. 

Distance protection represents an affordable ‘unit-like’ scheme without the need for remote 

communication, although it is acknowledged that communications can enhance distance 

schemes [118] as will be outlined in Section 3.4.3.3.  The sensitivity of distance relays may be 

reduced for high resistance faults however they are generally more selective than overcurrent 

schemes. Another important benefit of distance protection is that, unlike overcurrent schemes, 

distance protection is theoretically not affected by variations in fault levels, as the ratio 

between voltage and currents during faults should be preserved regardless of the “strength” or 

fault level of the system.  

3.4.3.2 Overview of Fault Impedance Calculations and Tripping Characteristics 

Distance protection relays consist of six impedance sensing elements per protection zone 

which are categorised as either phase elements (i.e. A-B, B-C and C-A) or ground elements 

(i.e. A-G, B-G and C-G) [134]. Each element measures the positive phase sequence impedance 

between the relay and the point of fault. Sequence components are used to represent imbalance, 

perhaps caused by load imbalance or a non-symmetrical fault, in a power system using 

positive-, negative- and zero-sequence phasors, as a set of three balanced systems [134]. 

The transformation between standard three-phase values and sequence component values is 

outlined in equation 3-4 for voltages, although the same transformation is valid for currents, 

where V1 represents the positive-sequence, V2 the negative-sequence and V0 the zero-sequence 

voltages. Va, Vb and Vc have their usual meaning, a is a complex number defined in equation 

3-5 and a2
 in equation 3-6. Equation 3-7 describes the inverse transformation allowing the 

conversion from sequence components back to standard voltages [135]. 
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[

𝑉1

𝑉2

𝑉0

] =
1

3
[
1 𝑎 𝑎2

1 𝑎2 𝑎
1 1 1
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𝑉𝑎

𝑉𝑏

𝑉𝑐

] 3-4 

 
𝑎 = 𝑒

𝑗(
2𝜋
3

) 
=

1

2
+ 𝑗
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2
 3-5 
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3

) 
= 𝑒

−𝑗(
2𝜋
3

) 
= −

1

2
− 𝑗

√3

2
 3-6 

 
[

𝑉𝑎

𝑉𝑏

𝑉𝑐

] =
1

3
[

1 1 1
𝑎2 𝑎 1
𝑎 𝑎21 1

] [
𝑉1

𝑉2

𝑉0

] 3-7 

Sequence components allow a standard electrical network (Figure 3-14) to be translated into 

a network of sequence components where Zs is the source impedance and ZL is the impedance 

from the protection relay to the fault. It is assumed that positive- and negative- sequence 

components are equal for the purpose of the following calculations. Figure 3-15 presents the 

sequence component network for a phase-phase fault. Different sequence component networks 

are used for the analysis of other fault types. 

 

Figure 3-14: Standard electrical network with fault location indicated 

 

Figure 3-15: Sequence component network for phase-to-phase fault [134] 
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From the matrix outlined previously in 3-4, the sequence voltages are outlined in equations 

3-8, 3-9 and 3-10.  

 𝑉1 =
1

3
(𝑉𝑎 + 𝑎𝑉𝑏 + 𝑎2𝑉𝑐) 3-8 

 𝑉2 =
1

3
(𝑉𝑎 + 𝑎2𝑉𝑏 + 𝑎𝑉𝑐) 3-9 

 𝑉0 =
1

3
(𝑉𝑎 + 𝑉𝑏 + 𝑉𝑐) 3-10 

Applying Kirchhoff’s theorem, which states that the sum of all the voltages around a closed 

loop in a circuit must be equal to 0, to Figure 3-15 yields equation 3-11. Since it is assumed 

that positive- and negative- sequence impedances are equal, the following equations determine 

the positive-sequence impedance in terms of positive- (𝑍𝐿1
) and negative- (𝑍𝐿2

) sequence 

voltages and currents – equation 3-14. 

 

 𝑉1 − 𝐼1𝑍𝐿1
+ 𝐼2𝑍𝐿2

− 𝑉2 = 0 3-11 

 𝑉1 − 𝐼1𝑍𝐿1
+ 𝐼2𝑍𝐿1

− 𝑉2 = 0 3-12 

 𝑉1 − 𝑉2 = 𝑍𝐿1
(𝐼1 − 𝐼2) 3-13 

 
𝑍𝐿1

=  
𝑉1 − 𝑉2

𝐼1 − 𝐼2
 3-14 

Using the sequence-component transformation matrix outlined previously in equation 3-7, the 

term in equation 3-17 can be derived. This transformation is also valid for currents – equation 

3-18. 

 
𝑉1 − 𝑉2 =

1

3
(𝑉𝑎 + 𝑎𝑉𝑏 + 𝑎2𝑉𝑐 − 𝑉𝑎 − 𝑎2𝑉𝑏 − 𝑎𝑉𝑐) 3-15 

 
𝑉1 − 𝑉2 =

1

3
(𝑉𝑏(𝑎 − 𝑎2) − 𝑉𝑐(𝑎 − 𝑎2)) 3-16 

 
𝑉1 − 𝑉2 =

1

3
(𝑎 − 𝑎2)(𝑉𝑏 − 𝑉𝑐) 3-17 

 
𝐼1 − 𝐼2 =

1

3
(𝑎 − 𝑎2)(𝐼𝑏 − 𝐼𝑐) 3-18 

The impedance of phase elements can be computed via the substitution of equations 3-17 and 

3-18 into equation 3-14 as in equation 3-19 and simplified in 3-20 to yield an expression for 

the BC phase element where 𝑍𝐿1
 is the positive-sequence impedance between the relay and 

the fault location. 
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𝑍𝐿1
=

1
3

(𝑎 − 𝑎2)(𝑉𝑏 − 𝑉𝑐)

1
3

(𝑎 − 𝑎2)(𝐼𝑏 − 𝐼𝑐)
    3-19 

 
𝑍𝐿1

=
𝑉𝑏 − 𝑉𝑐

𝐼𝑏 − 𝐼𝑐
 3-20 

A similar approach can be taken to determine the positive sequence impedance for ground 

elements. Figure 3-16 presents the sequence network for a phase-ground fault. 

 

 

Figure 3-16: Sequence component network for phase-to-ground faults [134] 

Again, from Kirchhoff’s theorem, and assuming that the positive and negative impedances are 

equal, the equation representing the circuit in Figure 3-16 is outlined in 3-21. 

 𝑉1 − 𝐼1𝛼𝑍𝐿1
+ 𝑉0 + 𝑉2 − 𝐼2𝛼𝑍𝐿2

= 0 3-21 

 𝑉1 + 𝑉2 + 𝑉0 = 𝐼1𝑍𝐿1
+ 𝐼2𝑍𝐿1

+ 𝐼0𝑍𝐿0
 3-22 

From the transformations outlined previously in equation 3-4, the voltage terms can be 

simplified to Va to give equation 3-24.  

 𝑉1 + 𝑉2 + 𝑉0 = 𝑉𝑎 3-23 

 𝑉𝑎 = 𝐼1𝑍𝐿1
+ 𝐼2𝑍𝐿1

+ 𝐼0𝑍𝐿0
 3-24 
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Adding and subtracting the term 𝐼0𝑍𝐿1
to equation 3-24 (essentially adding and subtracting 1), 

as in equation 3-25, allows the term to be further rearranged in equations 3-26 and 3-27 

 𝑉𝑎 = 𝐼1𝑍𝐿1
+ 𝐼2𝑍𝐿1

+ 𝐼0𝑍𝐿0
+ 𝐼0𝑍𝐿1

− 𝐼0𝑍𝐿1
 3-25 

 𝑉𝑎 = 𝑍𝐿1(𝐼1 + 𝐼2 + 𝐼0) + 𝐼0𝑍𝐿1
(𝑍𝐿0

− 𝑍𝐿1
) 3-26 

 
𝑉𝑎 = 𝑍𝐿1(𝐼1 + 𝐼2 + 𝐼0) + 𝐼0𝑍𝐿1

(
𝑍𝐿0

𝑍𝐿1

− 1) 3-27 

Again, substituting in Ia in for the sum of the sequence currents yields equation 3-28. 

 
𝑉𝑎 = 𝑍𝐿1

{𝐼𝑎 + 𝐼0 (
𝑍𝐿0

𝑍𝐿1

− 1)} 3-28 

Using the transformation for I0 allows the residual current (Ires) to be calculated as the sum of 

the phase currents. 

 
𝐼0 =

1

3
(𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐) =

𝐼𝑟𝑒𝑠

3
 3-29 

Substituting equation 3-29 into equation 3-28 yields equation 3-30. 

 
𝑉𝑎 = 𝑍𝐿1

{𝐼𝑎 +
𝐼𝑟𝑒𝑠

3
(

𝑍𝐿0

𝑍𝐿1

− 1)} 3-30 

The residual compensation factor (K) can, therefore, be defined. 

 
𝐾 =

1

3
(

𝑍𝐿0

𝑍𝐿1

− 1) 3-31 

Finally, rearranging equation 3-30 for 𝑍𝐿1
and substituting in K yields the positive phase 

sequence impedance for the phase A ground element as outlined in Equation 3-32 

 
𝑍𝐿1

=
𝑉𝑎

𝐼𝑎 + 𝐾𝐼𝑟𝑒𝑠
 3-32 

A summary of the calculations required to determine the positive-sequence impedance for all 

phase and ground elements are presented below in equations 3-33 through 3-40 [134]. 

Phase A-B 𝑍𝐿1
=

𝑉𝑎 − 𝑉𝑏

𝐼𝑎 − 𝐼𝑏
    3-33 

Phase B-C 𝑍𝐿1
=

𝑉𝑏 − 𝑉𝑐

𝐼𝑏 − 𝐼𝑐
    3-34 
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Phase C-A 𝑍𝐿1
=

𝑉𝑐 − 𝑉𝑎

𝐼𝑐 − 𝐼𝑎
    3-35 

Phase A-G 𝑍𝐿1
=

𝑉𝑎

𝐼𝑎 + 𝐾𝐼𝑟𝑒𝑠
  3-36 

Phase B-G 𝑍𝐿1
=

𝑉𝑏

𝐼𝑏 + 𝐾𝐼𝑟𝑒𝑠
 3-37 

Phase C-G 𝑍𝐿1
=

𝑉𝑎

𝐼𝑏 + 𝐾𝐼𝑟𝑒𝑠
 3-38 

Compensation factor (K) 𝐾 =
1

3
(

𝑍𝐿0

𝑍𝐿1

− 1) 3-39 

Residual current (Ires) 𝐼𝑟𝑒𝑠 = 3𝐼0 = 𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 3-40 

Once the positive phase-sequence impedances have been determined for all phase and ground 

elements, the values are individually compared against the tripping characteristics for each 

operational zone of the relay. Tripping characteristics may take various “shapes” such as the 

Mho, lenticular and quadrilateral as outlined in Figure 3-17. Different tripping characteristics 

have different benefits, for example, the lenticular characteristic may be used if there is a 

danger that the Z3 comparator of a standard Mho characteristic may trip during periods of high 

loading. For similar reasons, the quadrilateral characteristic allows for independent setting of 

resistive and inductive reaches. 

 

Figure 3-17: A selection of commonly used distance protection characteristics [128] 
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If the calculated impedance is found to be inside a Z1 tripping region, the relay will trip 

immediately as the fault is definitely on the first protected line. For non-instantaneous zones 

(e.g. Z2 and Z3), a timer is started when an impedance value resides within the tripping area. 

As the timer counts up to the pre-set tripping delay, the impedance is continually calculated to 

determine if the fault is still present on the system. Should the impedance transit to outside of 

the tripping characteristic, the timer is reset as it can be assumed that the fault is cleared by 

another protection system closer to the fault [134]. If the measured impedance remains in the 

tripping region for the duration of the pre-determined tripping delay, a signal is sent to open 

the CB.  

The implementation of a distance protection relay is discussed in more detail in Chapter 6, 

however, a summary of the detection, comparison and tripping process is outlined in Figure 

3-19 [136]. 

 

Figure 3-18: Flow chart summarising the operation of a distance protection relay  

3.4.3.3 Advanced (Communication Assisted) Distance Protection Schemes  

As alluded to previously, distance protection schemes can be enhanced through the use of 

communications. Using standard distance protection logic (Figure 3-19), fast tripping cannot 

be achieved for the full length the protected lines as presented in Figure 3-20. For faults at 

either end of the line, the tripping of CBs at either end of the line is not instantaneous. For 

example, a fault near to busbar A, as outlined in Figure 3-20, would be cleared quickly by Z1A 

but after a delay by Z2B.  
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Figure 3-19: Standard distance protection tripping logic [137] 

 

Figure 3-20: Simple network protected by distance protection relays [137] 

There are various improvements which can be made to distance protection schemes to enhance 

their performance and provide fast-tripping for the full length of a line. The concepts of direct 

transfer tripping (DTT), permissive under-reach transfer tripping (PUTT) and permissive over-

reach transfer tripping (POTT) will be introduced. 

 

Figure 3-21: Distance protection tripping logic with direct transfer trip [137] 
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To provide fast tripping for the entire length of a line (e.g. the line connecting busbar A to B 

in Figure 3-20), a direct transfer tripping scheme may be introduced as presented in Figure 

3-21. DTT schemes rely on a communication link to be established between two distance 

protection relays. When a fault is detected, for example in Z1A, the trip signal is sent both to 

the local CB but also, via the communications link, to the remote relay at the other end of the 

protected line – this signal is known as a DTT. There is no measurement correlation between 

relays at either end of the line and the remote relay trips immediately when the DTT signal is 

received [138]. DTT schemes are very simple but the security of the system could be 

considered as being low when compared to the PUTT and POTT methods. 

 

Figure 3-22: Distance protection tripping logic with permissive under-reach functionality 

[137] 

Unlike with a DTT system, a Permissive Under-reaching Transfer Tripping (PUTT) scheme 

is required to detect the fault at either end of a line before a fast-trip signal is issued. This is 

achieved via the exchange of Z1 trip signals. Should a fault be detected in Z1A, a signal is also 

sent to relay B as well as the local CB at busbar A. If a Z2B signal and the Z1A PUTT signal is 

present at relay B, it is assumed that the fault resides in the protected line AB. The CB at 

busbar B is therefore permitted to trip immediately [139].  
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Figure 3-23: Distance protection tripping logic with permissive over-reach functionality 

A Permissive Over-reach Transfer Trip (POTT) system (Figure 3-23) communicates Z2 

information rather than Z1 as would be used in a PUTT scheme. In this case, if a fault is 

detected by both relays in Z2 (which covers 120% of the protected line) the fault must reside 

on the protected line. Again, since it is known and corroborated that the fault is on the protected 

line section, tripping can be instantaneous [140]. 

3.5 Protection of AC Distribution Networks 

The coordination of protection devices within distribution networks is an important, and 

sometimes complex process due to the scale of the system which spans multiple voltage levels. 

Coordination of protection devices is defined as the grading of relay settings to achieve 

selectivity [132]. In other words, a coordinated protection system is designed so that when a 

fault occurs, the protective device closest to the fault will operate to clear the fault while 

leaving the rest of the system intact. A brief overview of the standard protection practices of 

the DNO SSEN is presented in this section [57]. Figure 3-24 provides an overview of a generic 

distribution protection system. Generally, as network voltage decreases, the number of 

customers impacted by an outage also reduces. Consequently, protection schemes for 

distribution networks are generally more involved and layered as voltage and connected 

demand increases. Consequently, the cost associated with the protection system also increases. 



79 

 

Figure 3-24: Simplified diagram summarising protection of a typical distribution networks 

Low voltage feeders are commonly only protected by fuses or moulded case circuit breakers 

(MCCB) providing a time and current graded scheme designed to act for downstream network 

faults. Secondary (11 kV to LV) transformers are protected by fuses on the incoming high 

voltage side.  

11 kV cable circuits are predominantly protected via IDMT overcurrent and ground fault 

relays with clearance times of up to one second (although normally faults should be cleared 

with times of significantly less than this). Overhead 11 kV circuits are protected in a similar 

way with instantaneous ‘high-set’ overcurrent protection also applied to provide a quicker trip 

for faults that can be deemed to be definitely on the protected line (as the fault current is 

significantly higher than the fault current at the remote end of the line). A ‘high-set’ is an extra 

parameter in a relay which is set above a certain “high” threshold. For fault currents above this 

threshold, it can be assumed that the fault is definitely on the first/main protected line and 

tripping can be instant.  

11 kV overhead line (OHL) circuits commonly employ devices called auto-reclosers and 

sectionalisers. Since most faults on overhead systems are temporary (circa 80% [115]) the use 

of an auto-reclosing device, such as a pole-mounted auto-recloser (PMAR), allows a line to be 

re-energised automatically. When a fault current is detected by an auto-recloser, the unit will 

open. The device will then attempt several delayed reclosures until either fault current is no 

longer detected (i.e. the fault has been cleared) or the maximum number of operations has been 

reached where it is then assumed that the fault is permanent [118]. A sectionaliser is similar 
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to an auto-recloser, however it cannot interrupt fault current and normally operates during the 

“dead-time” while an upstream PMAR or other device is open. Sectionalisers are therefore 

used in conjunction with upstream circuit breakers and reclosers. A sectionaliser will count 

the number of times the device is subjected to fault current and will open when a certain 

threshold is reached, which typically means that the fault is downstream and permanent in 

nature and therefore after a number of failed reclose attempts, the sectionaliser will open, 

isolating the fault but allowing supplies to be restored to consumers connected upstream 

between the sectionaliser and the fault interrupting device. Sometimes sectionalisers are used 

to “save” downstream fuses by opening before the fuse would melt (and therefore need to be 

replaced) [141]. Reclosing devices are not used on cable circuits as a fault on such an asset is 

highly unlikely to be temporary and are invariably permanent, and reclosing could cause 

further damage to the cable, and more importantly, its surroundings, which could be a tunnel 

(e.g. a railway tunnel), on a bridge crossing, underneath a public footpath, etc.  

Primary transformers, 33:11 kV, are generally protected by high-set overcurrent and ground 

fault (usually implemented using restricted ground fault methods with typically 150 ms 

operation times) relays. Neutral voltage displacement (NVD) relays are commonly deployed 

in the SSEN distribution network with tripping times of between 3 and 10 seconds.  NVD 

relays are used to infer unbalanced faults or significant system imbalance on three-wire 

systems where no neutral is present. VTs which are capable of transforming zero-sequence 

voltages, via a  three-phase five-limb VT or three single-phase VTs, are used in NVD relays 

[142] with the primary side of the VTs being star connected and solidly earthed while the 

secondary side is ‘open delta’ as demonstrated in Figure 3-25 [143].  
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Figure 3-25: NVD relay connection topology 

Protection of 33 kV feeders and transformers is typically a combination of the following: 

differential protection (which should operate within 150 ms), distance protection (with trip 

times specified previously in Table 3-4), IDMT overcurrent and ground fault protection (up to 

3 s). Auto-reclosing techniques may also be applied to overhead 33 kV networks. 
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3.6 Protection of HVDC Systems 

While the protection of AC assets is undoubtedly a complex task, the zero-crossing of current 

greatly assists with the physical interruption of AC current and interruption will typically occur 

at or around the zero-crossing. Since DC systems do not naturally benefit from zero-crossings, 

the challenge of extinguishing the electrical arc formed when the contacts of a DC circuit 

breaker open under fault (and even load) conditions is significantly increased [144]. One of 

the greatest challenges with DC links and future DC networks is therefore associated with the 

protection of the system [145] [146].  

Fault currents in DC systems consist initially of the capacitive discharge from the DC 

conductors and any DC side smoothing capacitance (ic) as outlined in Figure 3-26 (a). The 

freewheel diodes start to conduct essentially forming an uncontrolled rectifier when the DC-

side voltage drops below the AC-side voltage [88] – Figure 3-26 (b). This is followed by infeed 

from the AC-side grid (iga, igb, igc) via the converter bridge (iDC) - Figure 3-26 (c) [147] [148] 

[149] [150] [151]. Figure 3-27 outlines the typical DC voltage and current response during a 

balanced DC-side fault. Figure 3-28 shows the same event with the three DC fault stages, (a)-

(c), highlighted. 
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Figure 3-26: VSC fault current paths during (a) capacitor discharge followed by (b) diode 

freewheeling and (c) grid current feeding [152] 
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Figure 3-27: Example of DC-side voltages and current during an uncleared pole-to-pole fault 

at the converter terminals (0 km) for a ± 100 kV, 2,00 MVA, 75 km VSC HVDC link 

 

Figure 3-28: DC-side voltage and current during a DC-side fault with converter fault stages 

identified 

Circuit breakers which are capable of interrupting DC currents are technically more complex, 

significantly larger and more expensive than an AC equivalent as they need to include 

additional components to extinguish any arc which may form during opening. There are three 

main approaches proposed for the design of DC circuit breakers: mechanical, solid-state and 

hybrid. Mechanical CBs, Figure 3-29 (a), act in a similar way as standard AC CBs, albeit they 
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are comparatively much larger. Mechanical DC CBs are often supplemented with additional 

electrical resonant circuitry which attempts to force a zero-crossing of current to assist with 

the extinguishing of any electrical arc formed during the opening of the mechanical element 

of the CB. These CBs are physically very large but they offer the lowest on-state loss of the 

three methods presented – they do however have the slowest interruption times, which is 

typically several tens of milliseconds.  

 

Figure 3-29: Simplified example topologies of (a) mechanical switch resonant circuit, (b) 

solid-state and (c) hybrid DC circuit breakers [153] 

The solid-state DC CB,  Figure 3-29 (b), is essentially an inline, series-connected, power 

electronic switch. These breakers have very quick interruption times, typically a few 

microseconds, however, this approach has high losses during normal operation due to the 

voltage drop across the power electronics which are connected in series with the power circuit 

[154] [155] [156]. 

The final DC interruption technology is the hybrid breaker. The hybrid breaker is a 

combination of the solid-state and mechanical-breaker as outlined in Figure 3-29 (c). During 

normal operation, the switch, S, is closed. This is a mechanical switch which therefore has a 

low on-state resistance during normal operation. When a fault occurs on the DC system, the 

high capacity thyristors are enabled to provide a parallel path for the fault current. The series 

inductor helps to limit the fault current while the thyristors are in conduction. The mechanical 

switch is opened while the thyristors continue to carry the fault current. Once the mechanical 

switch is open, the high capacity thyristors are turned off and the current stored in the inductor 

naturally discharges through the surge-arrestor.  

Despite the large volumes of academic and industrial research in the area of HVDC CBs, in 

point-to-point HVDC applications, the use of DC circuit breakers is often avoided as AC-side 

interruption times are suitable fast. To prevent damaging power electronic devices during 

faults, point-to-point HVDC links should be isolated generally within 60 - 100 ms [157]. As 

this disconnection time of 60 - 100 ms is readily accomplished using established AC circuit 
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breaker technology, disconnection can be achieved by opening the AC-side CBs at either end 

of the DC link. This approach avoids the need to interrupt DC currents while using well-

understood and more affordable AC CB technology. The speed of protection for HVDC point-

to-point links is therefore generally limited by the speed of AC circuit breaker operation. 

The fault current provided by the AC grid during DC faults in LCC systems can be brought 

under control typically within a single AC cycle by adjusting the firing angle of the thyristors. 

The design of thyristors permits a short-term overcurrent making them more likely to survive 

fault conditions. VSC topologies, for DC-side faults, are not as robust as their LCC 

counterparts. While the switching of IGBT devices can be blocked near instantaneously upon 

fault detection, the freewheel diodes placed across the IGBTs creates a current path which 

leaves the converter in an uncontrolled rectifying state as presented previously in Figure 3-26.  

To increase the survival time of the power electronics used in VSC HVDC links during fault 

conditions, bypass thyristors are often employed [158] [159]. These thyristors, installed in 

parallel with each IGBT/diode, have a lower on-state voltage drop than the freewheel diode 

and therefore take a larger share of current during a fault – allowing additional time for AC-

side circuit breakers to open before damaging the IGBT package.   

The protection of multi-terminal VSC HVDC represents a further challenge. It is widely 

acknowledged that the protection time for DC grids is expected to be an order of magnitude 

faster than AC systems and point-to-point HVDC [160] [161] [162] with 5 ms disconnection 

times being suggested by industry [163]. Faster disconnection times are required for multi-

terminal systems as the fault propagation speed is much faster than when compared to point-

to-point and AC systems. This is due to the low DC-side impedance and the lack of inductance 

to limit the rate-of-change of current in a DC system [164] [165]. This issue is compounded 

when multiple sources supply fault current to DC-side faults as is the case in a multi-terminal 

scheme. Consequently, the development of fast-acting and low-loss CBs for HVDC grids has 

been a major focus of recent industrial and academic research [166] [167] [168]. Solutions 

generally propose that a voltage or current of opposing polarity is injected upon the fault 

current to create an artificial zero crossing. This zero-crossing reduces the strain on DC 

breakers and diminishes the likelihood of a sustained DC arc forming as described previously 

[163].  

National Grid ESO outlines generic protection methods for HVDC point-to-point links in [47]. 

In this document, it is specified that the operator of an HVDC facility is responsible for the 

protection of all converter station plant, including: 
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• AC busbars; 

• AC harmonic filter banks; 

• converter station transformers; 

• DC neutral point; 

• DC busbars; 

• DC filters; and 

• DC conductors (e.g. cables or overhead lines). 

It is stated that each plant item should employ two main and one backup protection method. 

There is no mention that remote, offsite, backup protection is required other than the ability to 

send a direct transfer trip (DTT) from the converter station to a remote circuit breaker. 

3.7 Summary 

This chapter has introduced the types and causes of electrical faults experienced by power 

systems. Power system protection is the process of detecting faults on a system and removing 

them in an appropriate manner. Protection schemes can be evaluated with reference to 

stability, sensitivity, selectivity and operation time. It is worth reiterating that no matter how 

advanced protection schemes become, they will never prevent faults from occurring on the 

power system in the first place. A review of three standard fault detection methods has been 

conducted with protection practices of a Scottish DNO briefly outlined.  

As levels of embedded generation continue to rise and “smart grid” technologies develop, 

network operators must ensure that protection schemes remain stable, sensitive and selective 

[169] [170] [171] [172]. This shift will likely see more DC elements introduced across 

generation, power-delivery and demand systems. While DC power systems offer increased 

flexibility over the conventional ‘all AC’ approach, DC presents a challenge from the 

perspective of power system protection. 
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Chapter 4  
— 

Medium Voltage Direct Current 

Applications in Distribution 

Networks 
 

4.1 Introduction 

The use of HVDC and LVDC has increased significantly since the 1960s with both 

technologies being extensively explored academically and industrially [2] [173]. At low 

voltage, electronics (e.g. laptops, phone chargers etc.) usually employ DC interfaced to the 

grid via switch-mode power supplies [174]. As outlined previously, the properties of HVDC 

has made the technology commonplace for long-distance high voltage power transfers due to 

the reduction of line losses when compared against AC. However, the role and characteristics 

of MVDC both physically and electrically are comparatively less well explored.  

Until recently, the cost of power electronic conversion systems has been too great to be 

considered a viable solution for distribution network applications. However in recent decades, 

the cost of power electronic converter systems has fallen significantly  – driven by the push 

towards non-synchronous, converter-interfaced, generation such as wind and solar 

photovoltaic [175] [176]. To highlight the price reduction of power electronics, Figure 4-1 

displays the cost per installed watt, in $/W, for solar PV inverters between 2013 and 2019 for 

residential (3 – 10 kW), commercial (10 kW – 2 MW) and utility-scale (>2 MW) installations 

[177] [178].  



89 

 

Figure 4-1: Cost of solar PV inverters for various installation scales [177] [178] 

This chapter introduces MVDC with an emphasis on utility-scale power distribution 

applications. The general characteristic of MVDC are presented in Section 4.2.  

Section 4.3 critically reviews academic and industrial literature in the field of MVDC applied 

to power distribution systems with a focus on protection, particularly backup protection. 

Section 4.4 describes three MVDC deployment trials taking place around Europe. The drivers 

behind the projects will be outlined alongside system topologies and implementation costs. A 

chapter summary follows in Section 4.5. 

4.2 MVDC Characteristics 

Notionally, MVDC would reside in the 5 kV – 50 kV range. This allows the repurposing of 

conventional AC HV distribution networks (e.g. 3.3 kV, 11 kV and 33 kV) for DC application. 

It is acknowledged that according to the standards IEC 60038 [179] (Table 4-1) and 

BS 7671:2018 [113] that any ‘ripple free’ DC voltage over 1,500 V is technically classed as 

high voltage. However, given that new HVDC and ultra-HVDC (UHVDC) schemes may 

operate anywhere between 380 kV and 1.1 MV [180], it seems appropriate that MVDC resides 

below this range. In literature [181] [182], commercial products [183] [184]  and field trials 

[185], VSC technologies appear to be the preferred technology for MVDC distribution 

applications. This thesis therefore assumes that VSC technologies are employed for MVDC 

solutions primarily due to their increased control capability and their ability to more readily 

change the direction of power flow [186] when compared to LCC. Additionally, since VSC 
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converter stations have a smaller physical footprint than LCC, they are more suited for 

distribution applications where substations are generally required closer to load centres where 

land prices are higher. 

Table 4-1: IEC 60038 voltage definitions  

IEC Voltage Range AC RMS Voltage (V) DC Voltage (V) 

High voltage > 1,000 > 1,500 

Low voltage 50 to 1,000 120 to 1,500 

Extra-low voltage < 50 < 120 

MVDC converters for grid applications reside between medium voltage machine drives (used 

within wind turbines, traction, mining etc.) which generally operate at voltages between 1 – 

14 kV [187] and HVDC operating at hundreds of kilovolts. Although the power ratings of 

large machine drives, typically between 1 – 80 MVA, are not dissimilar to that which an 

MVDC network solution would require, the voltage capability of converters needs to be 

increased to reduce resistive losses which would be significant when transmitting high currents 

over multi-kilometre line lengths [20] as demonstrated in Figure 4-2. In this figure the power 

losses, as a percentage of load, are presented for various DC voltages and circuit lengths. In 

this example, conductors have a resistance of 0.2 Ω/km. 

 

Figure 4-2: Losses associated with supplying a constant power 1 MW load at different DC 

supply voltages and circuit lengths (0.2 Ω/km) 

Innovation projects such as [7], [188], [189], [190] and [191] all represent utility-scale projects 

where DC technologies are being proposed to support future demand and generation growth. 
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Equipment vendors have recently started to promote MVDC solutions for land-based power 

distribution applications too [183] [192]. Internationally, MVDC has been also been mooted 

for shipboard [193], rail traction [194], mining [195] and generation collection network [196] 

[197] applications. 

4.3 Review of Academic/Industrial MVDC Research  

In the late 1990s, there was a significant volume of literature produced which studied the 

design and protection of machine drives operating at medium voltage DC [198] [199] [200] 

[201]. Some of the first references to propose the use of DC technologies for power distribution 

applications are to be found in a pair of conference papers published in 2000 by Bloh, De 

Doncker et al. [202] [203]. These papers refer to ‘MVDC transmission’ and both review, 

benchmark and optimise different power electronic switching strategies for a ‘transformer-

less’ 5 kV DC system, rather than the more common arrangement which uses a front-end 

converter transformer to smooth harmonics. These papers examine methods to minimise the 

harmonics generated by the converter by trialling various switching schemes. The papers do 

not mention a power rating of the modelled converters nor the AC system voltage to which 

they connect. No discussion of power system protection is made. 

Between 2004 – 2011 a series of patents [204] [205] were published on the Siemens’ SIPLINK 

(Siemens Multifunctional Power Link) system – essentially a back-to-back VSC (AC-DC-AC) 

converter which facilitates the controls of real and reactive power flow between two 

asynchronous AC systems. The SIPLINK system had a power rating of between 1 – 30 MVA, 

a DC operating voltage of 1 kV and was based on IGBT technology switching at 3 kHz.  
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Figure 4-3: SIPLINK interconnection between land and ship power system via back-to-back 

power electronic converter (reproduced from [204]) 

The SIPLINK system (Figure 4-3) was originally designed to interface large ships with land-

based power systems however it was  proposed in a paper [206] that the technology could be 

repurposed to allow the interconnection between adjacent distribution networks. This paper 

outlines the key benefits of MVDC interconnection including the ability to interconnect 

different (and previously separate) AC systems without increasing fault levels and to allow the 

interconnection between grids of differing frequency. (HVDC frequency converters are used 

to interface between the 50 Hz and 60 Hz power systems in Japan for example [207] [208]). 

The paper acknowledges that ‘long-distance’ power transmission is not possible due to the 

relatively low operating voltage of the link and the associated ohmic power losses (due to high 

currents required for any form of meaningful power transfer). Other than the paper stating that 

each converter has a module for protection and control, no specific details are provided 

regarding the protection approach deployed. The two patents describe system arrangements 

but lack technical detail relating to protection, other than stating that protection would be 

achieved by fuses. A similar patent by ABB [209], again, lacks technical details as to the 

design of the main and backup protection systems. 

MVDC has been considered for all-electric ship applications [210]. All-electric ships, where 

propulsion and service power are provided via a common electrical system rather than 

propulsion and electricity being independent [211], are said to offer greater efficiencies, 

reliability, flexibility and reduced operational cost over conventional mechanically-propelled 
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vessels with multiple examples in present-day operation [212]. MVDC expertise and standards 

in this area appear to be considerably more advanced than when compared to land-based utility 

power networks – for example, a document produced in 2010 by the IEEE Standards 

Association [213] recommends best practice for the design of shipboard MVDC systems. With 

regards to protection, this document states that backup short circuit protection should exist 

between each generator and its associated AC-DC converter. The transaction paper [214] 

presents the modelling, simulation and experimental validation of MVDC shipboard system. 

Comment is made as to the design of a DC capable circuit breaker, however, fault detection 

strategies to trip the circuit breaker are not considered. An adaptive protection scheme for all-

electric MVDC ships is presented in [215] and, again, does not refer to backup protection. 

MVDC has been proposed for offshore, and to a lesser extent onshore, collection networks for 

wind turbine power parks [216]. Figure 4-4 presents an example topology where an MVDC 

link connects to an offshore platform. Turbines are interfaced with DC-DC converter rather 

than a transformer as would be the case under standard deployment 

 

Figure 4-4: Example MVDC collection network for offshore wind applications [216] 
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An examination of efficiency savings offered by MVDC when compared to conventional 

33 kV windfarm collection networks is performed in [217] for several topologies. It was found 

that for a 90 MW windfarm situated 15 km offshore a 20 kV DC system was 2.4% more 

efficient than the standard AC approach. The paper did not fully detail the configuration of the 

DC system. Analysis and design of an MVDC grid for offshore wind farm applications is 

discussed in [218]. This paper describes the converter behaviour during faults (as outlined in 

Chapter 3) but does not consider a fault detection methodology, as acknowledged by the 

authors. In 2018, an industry report was published which compares the different technology 

options available for offshore DC collection networks [196]. The report places the technology 

readiness level (TRL) of DC protection at 7/8 however positions the commercial maturity of 

the solution as low due to high costs of protection components. It is unclear whether the high 

TRL refers to CB technology or to protection solutions more generally. The document states 

that MVDC protection technology is not fully developed but makes no mention of protection 

schemes nor detection techniques.  

The design of an MVDC substation is proposed in [219] with loads being supplied via either 

a DC-DC or DC-AC converter from a central 20 kV DC bus bar. No comment on protective 

relays is given other than reiterating that the area needs significant research and development 

for MVDC technologies to be applied more widely. Similarly, [220] makes the case for MVDC 

to be used for distribution feeders and concludes that MVDC could be beneficial but states 

that technical requirements of protection systems would require further research. An MVDC 

technology summary is provided in [221] which outlines where MVDC could play a role in 

the future. The paper presents the idea of MVDC becoming the enabling technology in future 

cities but also for generation collection networks – no reference of fault detection methods nor 

protection schemes is provided. 

In 2017 a centralised protection system for MVDC microgrids was proposed in the transaction 

paper [222]. The proposed solution considers both main (differential) and backup (directional 

overcurrent) protection of an MVDC microgrid. The network model does not include any 

supply points derived from conventional AC grids and therefore limits the replicability of the 

solution in hybrid AC-DC distribution systems. 

Zhang et al. propose the use of MVDC to release capacity for charging of electric vehicles 

[223]. The paper proposes the connection between two distribution lines by converting a 

segment of the network to DC. It is suggested that loads, such as electric vehicle charging, 

could be supplied from the DC link with a controlled contribution from each line. Methods to 
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repurpose existing AC conductors for DC are discussed in addition to voltage control 

strategies. As with several other papers, protection is not considered. 

The operation and performance of an MVDC link is discussed in [224]. This paper states that 

MVDC links may interfere with the detection and discrimination of existing AC-side 

protection systems and potentially cause the mal or non-operation of relays. However, detailed 

studies are not presented. Faults on the DC-link are not considered. 

From a literature review of MVDC, no backup protection approaches which are readily 

applicable to hybrid AC-DC distribution systems appear to be evident. The literature review 

was extended to the protection of HVDC schemes to determine best practice in this area. 

A conference paper published in May 2019 describes the AC and DC protection methods for 

an LCC HVDC link in Italy [225]. The paper states that all primary equipment is covered by 

main protection with an instantaneous trip time and a time-delayed backup. A transfer trip 

scheme is used to allow the opening of the relevant TSO’s CB in the event of CB failure at the 

HVDC stations. This document has similarities with the National Grid ESO document 

detailing the protection requirements for HVDC converter stations outlined previously [47]. 

The detection of faults on the DC link is not considered from AC measurements.   

Alam et al. provide a comprehensive analysis of how VSC-HVDC links may cause distance 

protection relays to operate incorrectly, or not at all, for symmetrical and non-symmetrical 

AC-side faults [226]. No solutions to the identified issues were proposed and faults on the DC 

system are not considered. A paper presented at PowerTech 2017 observed similar behaviour 

[227]. Again, this paper does not propose a method for dealing with such faults, neither does 

it examine faults on the DC link. Papers [228] and [229] offer similar findings. 

From a review of academic and industrial publications, it has been determined that there is a 

lack of consideration to backup protection solutions to secure against faults residing on the 

DC-side of embedded MVDC links. Backup protection methods from the perspective of the 

HVDC system appear to rely upon a direct transfer trip originating from the HVDC protection 

controller, therefore requiring communications. While communication links are commonplace 

at transmission level, they are less available in a distribution environment and their 

performance may not be suitable for tripping signals, particularly in a rural setting. A backup 

protection scheme which is not reliant on communications but rather informed by AC 

measurements would, therefore, be of benefit when considering the deployment of DC 

technologies within networks in the future. While the protection of the DC systems and 

components (e.g. converters) may be mentioned in several of the reviewed papers, there does 
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not appear to be any literature addressing specifically, and in detail, the ability of AC 

protection systems to provide backup protection for adjacent DC links, nor relating to system-

wide protection (including backup protection) of land-based hybrid AC-DC systems. 

4.4 Review of Deployed MVDC Technologies in 

Distribution Systems 

This section provides an overview of several MVDC deployment activities with an emphasis 

on land-based distribution networks. The Angle-DC project is outlined and discussed followed 

by a summary of the back-to-back ‘Flexible Power Link’ installed by Western Power 

Distribution. The multi-terminal MVDC campus demonstration project at Rheinisch-

Westfälische Technische Hochschule (RWTH) University Aachen, Germany is also 

highlighted. 

4.4.1 Angle-DC – SP Energy Networks 

The UK energy regulator, OFGEM, via their Network Innovation Competition (NIC) awarded 

funding to the DNO SP Energy Networks to develop and deliver an MVDC demonstration 

project - Angle-DC [188]. The project budget of £14.8 million is being used for the design and 

installation of a 3 km MVDC link which connects two adjacent network sections, with the aim 

of increasing the export capability of the area thus allowing greater penetration of distributed 

renewable generation [188] [230] - Figure 4-5. The two areas which the link interconnects are 

identified as already having high levels of installed distributed generation with significant load 

and generation growth predicted. At the same time, the surrounding 33 kV network is 

understood to be operating close to design limits in terms of thermal capacity. To facilitate 

control of power flows and voltages at either end of the link, MVDC was selected as the 

candidate technology. 
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Figure 4-5: Illustration of Angle-DC geographic topology [185] 

The scheme, under-construction at the time of writing in early-2020, has a bipolar topology 

operating at a DC voltage of ± 27 kV with a transfer capacity of approximately 35 MW [231]. 

The installation will use existing AC-wayleaves and will repurpose AC conductor assets to 

DC. The selected voltage rating ensures that the insulation coordination of the existing AC 

assets is not breached when converting to DC operation. One DC pole is formed by combining 

all the AC conductors in one of the supply circuits. The other DC pole is formed by doing 

likewise with the second 3-wire circuit, as outlined in Figure 4-6. Since the two poles of the 

DC link take geographically different routes, the likelihood of pole-to-pole faults is essentially 

eliminated. With significant research examining the repurposing of three and four conductor 

AC circuits to DC [232] [233] [234], it is perhaps disappointing that this approach was not 

investigated. The technical specification for the project states that the resistance of the two DC 

poles may be different, however these values are not quantified [235]. The circuits are 

predominantly cable with small overhead sections to allow for transient faults to be 

experienced and examined [235]. The DNO was permitted by OFGEM to install an additional 

AC circuit in parallel with the link to help de-risk the solution - Figure 4-7. This circuit is to 
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provide backup should the MVDC link be removed from service as part of either a planned or 

forced outage – otherwise, it will remain de-energised while the DC link is in operation [185]. 

 

Figure 4-6: Angle-DC two three-wire AC circuits converted to two-pole DC system 

 

Figure 4-7: Angle-DC electrical topology  

Each AC-DC substation is based upon twelve cascaded three-level neutral point clamped 

(NPC) converters as outlined in the simplified topology diagram in Figure 4-8. Cascading of 

these NPC converters essentially forms a simple multi-level arrangement but with the benefit 

of using readily available three-level machine drives. Three-level NPC converters can produce 
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a positive, negative and zero DC-side voltage. The converters deployed in the system are based 

on GE’s MV7000 series machine drive architecture (specifically the MV7306-3) [236]. Each 

‘mini-converter’ or module connects to a 2.1 kV AC supply derived from a specially designed 

multi-winding transformer. The DC voltage produced by each module is 4.5 kV (4.5 kV × 12 

modules = 54 kV ⇒ ± 27 kV bipole) with each having a power rating of 2.85 MVA [13].  

 

Figure 4-8: Angle-DC simplified station topology 

Initial estimates by the network operator suggest that a 20% reduction in losses is to be 

expected upon successful energisation representing a £630k saving per annum [188]. SP 

Energy Networks claims that it has identified a further 30 sites where the technology could be 

applied within its network, however, a list of these locations has not been published. SP Energy 

Networks hope to move the technology readiness level of such a solution from stage five 

towards stage eight during this trial period. TRL is a metric where level one represents the 

fundamental basics/principles stages of a technology and level nine represents a technology 

being a business as usual solution [237]. TRL assesses how technically ready a solution is for 

deployment and the commercial availability of the solution [238].  

While technology readiness level of the solution by the end of the project is expected to be 

high, especially considering commercial maturity of the machine drives being employed, at a 
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project budget of £14.8m (each kilowatt of transfer capacity essentially costs £423) the 

technology performance level (TPL) requires some improvement to reduce the installed cost 

of MVDC solutions, as SP Energy Networks acknowledges. TPL is defined as how well a 

technology performs and its economic ability to gain a market presence [238]. According to 

the Angle-DC funding proposal, the uptake of embedded MVDC depends largely on the cost 

of power electronics. SP Energy Networks estimates that the price of these devices will drop 

by up to 55% between now and 2040 [8] - it is unclear if this figure considers inflation.  

The control of the Angle-DC link is discussed in [239]. This paper outlines a three-level 

control hierarchy for operating during a loss of communications. The paper recommends a 

series of active power setpoints for various levels of communication availability, however the 

paper does not discuss the detailed control of the DC link. 

Initial design challenges surrounding the project are highlighted in [231]. These include the 

derating of the system during a permanent fault and the electromagnetic compatibility with 

adjacent rail signalling infrastructure. The paper proposes that during a permanent fault of one 

of the six conductors which form the two DC poles, the complimentary conductor on the 

‘healthy’ pole should also be removed via mechanical isolation. The power rating of the link 

is reduced to 67% of the rated power until the fault is repaired [235]. This is approach is 

illustrated in Figure 4-9. 

 

Figure 4-9: Angle DC circuit reconfiguration under permanent pole-ground fault 
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The electromagnetic compatibility of MVDC systems is considered as part of the project as 

both the DC poles of the link run in parallel with rail signalling infrastructure [231]. The rail 

operator (Network Rail) had raised concerns that the magnetic fields created by the DC link 

could cause signal cabling and track-side equipment to operate incorrectly. The results from 

the electromagnetic compatibility (EMC) studies before and after the energisation of the 

MVDC link have not yet been published. 

As mentioned previously, the likelihood of pole-to-pole faults has been minimised as each 

pole of the DC link takes a physically different geographic route. It may be hypothesised that 

pole-to-ground faults on the DC link are detected by measuring a current flow in the ground 

return path of the converters. However, there is no specific mention of protection techniques 

in published Angle-DC literature for primary or backup protection.   

4.4.2 Flexible Power Link – Western Power Distribution 

While the Angle-DC project is to deploy a DC link over 3 km, the Flexible Power Link (FPL) 

project will trial the use of a controlled back-to-back (i.e. AC-DC-AC) converter in the 

confines of a distribution substation with the primary aim of improving voltage regulation in 

the network [189]. The project is led by Western Power Distribution (WPD) which is the DNO 

in the UK responsible for the Midlands, South-West England and Wales region. The FPL 

project is part of a wider £13.1 million, regulator funded, Network Equilibrium project which 

aims to investigate the role of improved voltage control within distribution networks to 

increase penetration of low carbon technologies.  

The FPL consists of a 20 MVA (5 MVAr) back-to-back VSC converter which connects across 

a NOP between two different 33 kV distribution network areas as presented in Figure 4-10. In 

the project application, submitted to OFGEM, WPD states that it is unable to operate the 

network with the NOP closed primarily due to concerns surrounding raising fault level which 

may result in switchgear operating above rated interrupting capacities [240].  
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Figure 4-10: FPL network topology [241] 

The FPL is interfaced to the distribution network via two 33 kV (Δ):3.25 kV (Y) /3.25 kV (Δ) 

(Dy11d0) three-winding transformers where each transformer connects to a different side of 

the NOP. Figure 4-11 displays an overview of the electrical topology for the FPL. The nominal 

DC-side voltage of the system is ± 2.5 kV. The power electronic switching technology selected 

for the FPL is the IGCT (Integrated Gate‐Commutated Thyristor). When compared to the more 

common IGBT, the IGBT generates lower losses in applications where the converter is 

operating at part loading or in strongly fluctuating control conditions [242] (e.g. wind power 

parks, DC links where power transfer changes regularly). IGCTs are therefore more suited for 

applications where power transfers are more predictable and consistent in nature. 

 

Figure 4-11: Simplified FPL electrical topology 

WPD anticipates that the link will have the potential to unlock 36 MW of latent grid capacity, 

for DG connections via active power flow and voltage management at either side of the back-

to-back link, however initial results from the study suggest that the link has only released 

20 MVA of capacity to date [243]. (The concept of using controllable MVDC links to increase 

the ability of a network to host DG is demonstrated in the Appendix section). As with Angle-
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DC, the project employs adapted, commercially available technologies. In this case, the 

AC/DC interface technology is based upon flexible AC transmission system (FACTS) devices 

produced by ABB [240], specifically the PCS6000 series converter.  

The FPL device is a containerised solution (Figure 4-12) which allows for offsite construction 

and therefore reduced installation time in the substation environment. Additionally, the 

containerised approach allows the FPL to be easily moved to another site should network 

conditions change. The budget cost to deliver the FPL was £6.95 million and therefore 

represents an implementation cost of £348 per installed kilowatt of transfer capacity. The 

difference of £75 per installed kilowatt between Angle-DC and FPL is assumed to be because 

of the following reasons, 

• the reduced voltage rating of the FPL decreases the insulation requirement of 

equipment (since the DC link in the FPL is very short, essentially a bus bar, ohmic 

losses are low and therefore there is no need to increase system voltage); 

• civil infrastructure is only required at one site whereas the Angle-DC implementation 

requires a duplication of groundworks at both substation sites; 

• the cooling solution can be shared between converters rather than designing and 

installing two ventilation and cooling systems as in the case in Angle-DC; 

• the containerised nature of the FPL allows for offsite construction and testing (a 

project report estimated that this alone saved £150,000 [244]); 

• reduced transformer complexity of the FPL solution; and  

• additional de-risking AC assets were installed under the Angle-DC deployment which 

were not required in the FPL trial. 
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Figure 4-12: Crane installation of FPL container at WPD’s Exebridge substation [245] 

Three papers have been published on the FPL link. The first publication [246] presents the 

steady-state modelling of the FPL device but does not consider system protection. [247] states 

that the FPL “has a local control and protection system” – no specific details of the scheme 

are provided.  The only mention of backup protection of the FPL is made in [248]. This paper 

states that overcurrent, ground fault and busbar protection relays were installed on the AC 

terminals of the FPL, however, no setting guidance is provided for the relays. This backup 

scheme is designed to detect faults on the converter equipment, including the DC system, and 

disconnect the link in less than 100 ms. These backup protection relays are connected to the 

FPL’s CBs and leaves the device open to damage should this CB fail. A DTT scheme was 

therefore implemented to protect against this scenario however specific details of the 

implementation of this could not be found in the available literature.  

It is worth highlighting that since the FPL is a back-to-back converter and is installed within a 

containerised structure the likelihood of a DC fault occurring is reduced as the DC system is 

protected from external environmental hazards. 

4.4.3 DC Campus – FEN Campus RWTH Aachen  

While Angle-DC and the Flexible Power Link both represent projects where MVDC 

technologies are embedded within distribution networks, they only consider the application of 

point-to-point links rather than a wider MVDC system with multiple sources of demand, 

generation and storage. Papers published in 2012 present the detailed design of an MVDC 
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network at the Melaten Nord Campus of RWTH Aachen University, Germany. The proposed 

system consists of five terminals operating at a voltage of 10 kV (configured as a bipolar 

± 5 kV system) with the power ratings of converters ranging between 1 –  5.5 MW [182] [249] 

[250]. Figure 4-13 and Figure 4-14 present the system topology and electrical single line 

diagram of the proposed installation. The all-cable network is to operate as a private grid 

within the existing campus electrical network and will distribute energy between several large-

scale laboratories.  

 

Figure 4-13: Proposed RWTH Aachen MVDC topology [249] 
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Figure 4-14: Proposed RWTH Aachen MVDC electrical topology [249] 

As part of this project, the team within RWTH Aachen have developed a medium-voltage DC-

DC dual active bridge (DAB) converter. A DAB, essentially a DC transformer (albeit a 

significantly more complex system than a conventional AC transformer), allows two DC 

systems which operate at different voltage levels to be interfaced. This is achieved by 

converting the DC voltage to high frequency AC via a standard H-bridge arrangement. This 

voltage is the stepped up/down via a high frequency AC transformer and then converted back 

to DC using another H-bridge as outlined in Figure 4-15 [251]. The use of the high frequency 

intermediate step allows the transformer to be more compact, lighter and more affordable as 

less material is required than a similarly rated conversion at 50 Hz [252]. 

  

Figure 4-15: Dual active bridge conversion stages 

The installation of the MVDC campus network, initially a three-terminal scheme which 

incorporates the DAB, commenced in late March 2018. The final system is to span 2.3 km 
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with a capacity of 6.2 MW. A press release from late-2019 reports that the MVDC campus 

research grid had been energised and is now in active operation [253].  

No information about the performance of the system has been published at the time of writing 

due to the early stages of operation. Few details relating to the physical implementation and 

the technical design of the installed project are currently available in the literature.  

4.5 Summary  

This chapter has provided an overview of literature and demonstration projects relating to 

MVDC technologies. It has been shown that MVDC systems are well established in some 

areas (in particular, for marine applications); however, the technology is relatively unexplored 

in the context of utility-scale power distribution.  

A review of published conference proceedings, journal papers and patents has shown that 

MVDC technologies are of interest from both academic and industrial perspectives. The role 

of MVDC is currently being investigated for use within distribution networks including Angle-

DC, Flexible Power Link and the MVDC campus project at RWTH Aachen. These three 

projects represent different types of MVDC installation: back-to-back, point-to-point and a 

multi-terminal network. These trials are all under development and therefore conclusions from 

these demonstration projects have not yet been drawn - however it is clear from more recent 

funding awards that DSOs in GB are increasingly interested in exploring the operational 

aspects of introducing DC technologies onto their networks [7] [254].  

Appendix A (at the end of the thesis) presents several load flow studies conducted by the 

author on two Scottish distribution networks showing the benefits of introducing MVDC links 

(both back-to-back and point-to-point) to increase the potential for adoption of low carbon 

generation and demand technologies. 

Published literature on deployed MVDC systems does not fully present the methods by which 

the converters and DC system are protected. This is likely due to the control and protection 

systems being considered as specialist knowledge by equipment vendors and incorporated into 

products. Through the limited information available it has become apparent that protection, 

specifically backup, in hybrid AC-DC systems is not considered in appropriate detail. 

DC faults have already been highlighted in Chapter 2 as being potentially damaging to VSC 

power electronic conversion systems. While primary protection and backup protection 

techniques exist at a converter station level, it appears that no consideration is made for the 

failure of station protection or circuit breakers from a remote protection perspective (as is the 
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case with AC power system protection where backup is provided both locally and on a 

network-wide basis). This deficiency could represent both a safety issue but also an unwanted 

and unpredictable operational expense associated with downtime and the repair of damaged 

equipment if a fault were allowed to persist due to local failure of all (main and backup) local 

protection systems. Literature does consider the impact of HVDC links on distance protection 

for AC faults however the response of these devices for DC events does not appear to have 

been explored or documented in significant detail.  

The review of published material presented in this chapter has identified that MVDC is a topic 

of interest to facilitate future electricity networks with high penetrations of renewables, 

however, it can be concluded that a greater focus on the protection aspects of embedded 

MVDC links is required – particularly in the case of backup protection systems. 

From the findings presented through this literature and technology review, the research 

question which forms the basis of this PhD is therefore clear, and as stated in the introductory 

elements of this thesis.  
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Chapter 5  
— 

A Fast-Acting Backup Protection 

System for Embedded MVDC 

Links 
 

5.1 Introduction 

For MVDC technologies to become more established in distribution networks, effective main 

and backup protection systems will be required for all elements of the network. In particular, 

the protection required to detect DC-side faults must be extremely fast acting [161] otherwise 

the power electronic devices are likely to be irreversibly damaged [150] [255]. Existing 

practice for the protection of point-to-point HVDC links involves sending a direct transfer trip 

to remote CBs in the event of a fault not being cleared by the converter station’s local breakers. 

This relies on the converter control system detecting the fault and the communications system 

delivering the trip signal correctly to the remote CB, rather than depending on the direct 

measurement of electrical parameters at the remote CB. Detection of DC-side faults via remote 

AC measurements could potentially be more reliable, secure and cost-effective (and 

potentially more cyber-secure) than the DTT approach. Communication systems may also 

introduce a delay into the protection systems which might lead to unacceptably long clearance 

times [256].  

Since the current available to supply DC-side faults is limited by the AC-DC converter, it is 

unlikely that remote overcurrent protection would provide a suitably fast backup to the 

converter’s main protection and it may not even be able to be applied as the fault current may 

be no more (or even less depending on several factors – AC infeed, line length, converter 

capability, the position of fault on DC link, etc.) than nominal current. Additionally, time 

grading a remote overcurrent relay for these applications may prove to be challenging as at 

33 kV overcurrent is already extensively used as a backup protection method (with tripping 

delay of up to three seconds [57]).  

This chapter focuses on determining the apparent impedance measured by a remote AC-side 

distance protection relay during DC-side faults. A detailed summary of distance protection has 
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been provided in Chapter 3. To summarise, a distance protection relay calculates the apparent 

impedance associated with a system event via measurement of current and voltage. From 

known system parameters (e.g. line impedances), operational zones can be created, each with 

a different tripping time specified, to allow for both main and backup protection functionality. 

Following a study of the system impedance during various fault events, this chapter presents 

a novel method to provide fast-acting, remote backup protection, with no requirement for 

communications, for DC pole-to-pole and pole-pole-ground events should the primary 

protection scheme of an MVDC link fail to detect or respond to a DC event. 

5.2 Study Methodology 

The study methodology employs a series of simulation platforms and steps which are outlined 

in the following subsections. Due to the nature of power system faults and the behaviour of 

power electronic converters during such events, it is necessary to develop a full switching 

model of an MVDC link - rather than a simplified converter model. The implementation of a 

10 km MVDC link is initially discussed in Section 5.2.1 with the associated control approach 

(which is active during steady state, non-fault conditions) outlined in Section 5.2.2. The fault 

management approach for the converter is introduced in Section 5.2.3 followed by a summary 

of the employed modelling procedure in Section 5.2.4. 

5.2.1 Converter Topology 

For the modelling reported in this chapter, a two-level symmetrical monopole VSC converter 

is employed for the following reasons: 

• VSC offers significantly more controllability than LCC; 

• VSC links, when compared to LCC, perform better in weak grid environments [91]; 

• two-level VSC has a reduced control requirement when compared to more complex 

MMC structures; and 

• more advanced topologies look very similar under fault conditions to a two-level 

converter as demonstrated in Figure 5-1 for a HB-MMC. 
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Figure 5-1: Comparison of the uncontrolled fault path through IGBT diodes for a (a) HB-

MMC and (b) a standard 2-level converter [150] 

5.2.2 Control Structure 

Literature extensively covers the general control structure for VSC converters for generation, 

HVDC and machine drive applications [257] [258]. Figure 5-2 presents a control overview 

diagram for the modelled MVDC link. The converter control deploys a standard inner current 

control approach as outlined in Figure 5-3 where the inner controller takes direct-quadrature 

(d-q) reference frame current setpoints (a setpoint being represented by * in diagrams) from 

the outer loop controllers presented in Figure 5-4 [258].  

 

Figure 5-2: MVDC link control topology 

PWMPWM

Current 

Controller

Current 

Controller

P-Q 

Controller

VDC/Q 

Controller

RL Cable 

Model

Enable Enable

Converter Station A Converter Station B

ZFilter

VGrid-B

ZFilterZXfmr

VGrid-A
Y:Δ

ZXfmr

Δ:Y

C1

C2

C1

C2



112 

 

Figure 5-3: Standard inner current control loop 

 

Figure 5-4: Outer loop controllers 

Using the outer control loops, Converter Station A is set to maintain a real and reactive power 

(P-Q) reference, while Converter Station B regulates the DC-side voltage (VDC) and reactive 

power (Q) under non-fault operating conditions [258]. This basic control strategy is commonly 

applied to HVDC links. In summary, if the power to be transmitted through the DC link is to 

be increased, Station A would request the new power setpoint. This increased power setpoint 

will result in a rise in DC-side voltage due to the charging of the DC cable capacitance and 

DC capacitor. Station B measures the increased DC voltage and increases the power exported 

to the VGrid-B network to regulate the DC voltage to the desired setpoint.  

Note that the operating control strategy described in this subsection is for pre-fault conditions 

and is only used to create a pre-fault power transfer across the DC link. When a fault occurs 

on the DC link the converter controller transits to a fault protection mode. 
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5.2.3 Behaviour of Converters During Fault Conditions  

5.2.3.1 AC Faults 

At present, there is no obligation for an MVDC links to provide fault current for AC-side faults 

as there are no requirements in the GB distribution code imposed on DNOs for such a 

technology [259].   

For AC faults modelled in this thesis, it was assumed that the converter remains connected to 

the AC system but does not contribute any current during AC faults. It is recognised that 

significant fault infeed from a converter could influence relays’ impedance measurements for 

AC faults, but given the fault level of the test network (500 MVA) and the power rating of the 

MVDC converter (35 MVA), the vast majority of fault infeed will be from the wider AC 

system with the MVDC link having negligible impact on distance protection zones. 

5.2.3.2 DC Faults 

Section 5.2.2 summarises the operation of the converter under steady-state operation, however 

the management of the converter during DC-side faults must also be considered. The fault 

conduction path of a two-level VSC converter is presented again in Figure 5-5 to aid 

discussion. 

 

Figure 5-5: Example of the uncontrolled fault path within a VSC converter 

While grid-connected converters can provide limited and controlled fault current contribution 

to AC-side faults via the converter’s IGBTs [149], their performance during a DC fault is 
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effectively uncontrolled [148] [260] for most converter topologies and can only be overcome 

at the expense of significant power losses by employing full-bridge converter structures as 

highlighted in previously in Section 2.3.5 [167]. Faults on DC links are commonly detected 

by measuring a current which exceeds the rating of the converter flowing from the AC grid 

into the DC converter, the collapse of the DC system voltage or via an overcurrent at the DC 

terminals [261] [262]. Detection times are typically much less than 10 ms for point-to-point 

DC links [165] [263]. When a DC-side fault occurs on a DC link and is detected by the 

converter controller, the first step taken by the protection system is to block commutation of 

the switching devices by disabling the IGBT control signals. This prevents the power 

electronic devices being subjected to high fault currents which would only be limited by the 

AC system fault infeed capability and converter filter impedances [150]. The DC-side 

capacitors discharge forcing the freewheel diodes, placed across the IGBTs, into conduction 

as displayed in Figure 5-5. The converter essentially becomes an uncontrolled rectifier with 

current only being limited by the AC side impedance between the source and the converter 

[151].   

Bypass devices (presented in Figure 5-6), often high capacity thyristors, with a lower on-state 

resistance than the freewheel diodes, may be installed in parallel with the IGBT/diode to 

provide a path for fault currents and to allow time for protection to operate [158] [159]. The 

AC-side CB of the converter should open to isolate current infeed to the link. This needs to 

happen quickly (typically in around 100 ms for HVDC applications) to protect the parallel 

diodes from overheating and potentially failing completely [264].  

 

Figure 5-6: Bypass thyristors installed in parallel with IGBTs 

For the modelling in this thesis it is assumed that the bypass thyristors are activated when the 

absolute value of instantaneous currents entering the converter is equal to or greater than the 
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user-definable current threshold (Imax). Imax is set as 110% of the rated converter current for the 

subsequent simulations. Should an overcurrent be detected on any phase, the bypass thyristors 

will be enabled to create a parallel conduction path across the IGBT diodes. The bypass 

thyristors and, now to a much lesser extent, the freewheel diodes will conduct fault current 

until the converter is isolated via AC-side breakers. Figure 5-7 presents an overview of the 

bypass controller. 

 

Figure 5-7: Overview of bypass thyristor controller 

Should any of these steps fail (converter controller failure, trip signal failure, maloperation of 

AC-side CB), the converter could be left in a damaging (e.g. freewheel diodes are typically 

not rated for continuous operation) uncontrolled rectifying state as described. 

The fault detection and isolation process for a converter can be summarised in Figure 5-8. 

 

Figure 5-8: Summary of converter control actions during a fault upon the DC link 

Ia ≥Imax
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116 

5.2.4 Modelling Procedure 

A two-stage simulation process is employed to determine the apparent AC-side impedance 

during a DC-side fault. Sampled voltages and currents are generated via switching level 

software simulations of fault events. When a fault is detected, the converter behaves as 

outlined in Section 5.2.3. In summary, switching of the IGBTs would be blocked and the 

freewheeling diodes would conduct fault current until isolation via AC-side breakers. The 

generated voltage and current traces are then used as inputs into a distance protection relay 

simulator where the apparent impedance of events can be determined. 

The Dynamic Protection Modelling Controller (DPMC) [265] software package is used to 

determine the impedance of the network during steady state and fault conditions. This software 

was developed to assist National Grid in the post-fault investigation of power system 

performance following various faults and events. The relay models within DPMC are based 

upon and validated against commercially available devices, and validation was carried out 

using secondary injection to ensure that actual relay versus DPMC performance matched for 

all tested cases studies. The software uses sampled three phase voltages and current values 

from either fault records or simulation along with a relay setting file as input. Tripping output 

(or not) and operating times of the relay are calculated according to the setting file logic and 

the modelled algorithms within the relay. In the case of distance protection studies, DPMC 

generates an R-X locus diagram for visual interrogation of how the apparent impedance 

evolves as the fault progresses. Figure 5-9 summarises the developed simulation approach. 

 

Figure 5-9: Simulation methodology 
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5.3 Case Study 

In this section the apparent impedance, as measured at the relay location, for both AC-and DC-

side faults will be determined. Section 5.3.1 introduces the test network and the parameters of 

the MVDC link. The protection settings for the distance relay are determined in Section 5.3.2 

for standard AC zones of operation. The impedance measured by the relay for AC- and DC-

side faults is presented in Section 5.3.3. 

5.3.1 Test Network 

The network section modelled is based upon an area of the 33 kV network in the South of 

Scotland where the benefits of introducing embedded MVDC links has been shown via 

simulation as outlined in the Appendix section [266] . The converter has a power rating of 

35 MVA operating as a two-level symmetrical monopole with DC voltage (VDC) of ± 27 kV, 

which is broadly equivalent to 33 kV rms line-line (53.9 kV peak-peak) voltage from an 

insulation perspective. The per-unit impedance of the converter filter is 10% with a wye-delta 

transformer of 20% impedance connected to the AC network which helps to limit fault currents 

during DC-side faults and improve power quality during normal operation. The base quantities 

of the modelled system are 33 kV and 35 MVA with the base impedance calculated as 31 Ω. 

The test network used for modelling is presented in Figure 5-10 where the characteristic 

impedance of all lines is (0.17 + j0.3) Ω/km [56]. Key network and converter parameters used 

in the model are summarised in Table 5-1. AC conductors are modelled as lumped element 

R-L components while the DC cable is implemented as a single π-section with the shunt 

capacitance modelled via the DC capacitors [267].   

 

Figure 5-10: Test network 
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Table 5-1: Summary of modelled parameters [56] 

Parameter Value 

Local & remote grid voltage (line-line) 33 kV 

Local & remote grid X/R ratio 7 

Local & remote grid fault level 500 MVA 

A-B line length 5 km 

B-C line length 5 km 

MVDC line length  10 km 

AC conductor impedance 
(0.17 + j0.3) Ω/km 

(0.35 ∠ 60.5°) Ω/km 

DC conductor resistance 0.17 Ω/km 

DC conductor inductance  0.95 mH/km 

MVDC link voltage ± 27 kV 

MVDC link power rating 35 MW 

DC link capacitor value (C1, C2) 1 mF [268] 

Filter impedance (ZFilter) 10% 

Transformer impedance (ZXfmr) 20% 

Transformer vector group Yd11 

Transformer rated power 35 MVA 

5.3.2 Relay Setting Parameters 

Relay settings are assigned in accordance with [136] [131]. Tripping delays are selected to 

ensure that fault clearance occurs inside of the maximum permissible clearance times outlined 

previously in Table 3-4. Key distance zone setting parameters are outlined in Table 5-2 (note 

that the impedances are referred to the primary circuit and therefore do not take CT nor VT 

ratios into account). In this example it was assumed that the MVDC link was constructed via 

the repurposing of existing AC conductors that connected between busbar B and the remote 

grid. The Z3 reach was therefore calculated via equation 5-1. In reality, it is likely that the 

reach of Z3 would be reduced to be 120% of the impedance of line AB and line BC. 

 
𝑍3 = 120% × 0.35(5 + 10) = 6.3 5-1 
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Table 5-2: Summary of relay setting parameters 

Parameter Value 

Mho Phase (°) 60.5 

Z1 (Ω) 1.4 

Z2 (Ω) 2.1 

Z3 (Ω) 6.3 

Z2 Fault Delay [phase & ground] (s) 0.3 

Z3 Fault Delay [phase & ground] (s) 1.1 

The angle (𝜃) of the mho characteristic is established by considering the ratio between the 

downstream line reactance and resistance as specified by equation 5-2 where Xline is the 

reactance of the protected line and Rline is the resistance.  

 𝜃 = tan−1 (
𝑋𝑙𝑖𝑛𝑒

𝑅𝑙𝑖𝑛𝑒
) = tan−1 (

0.3

0.17
) = 60.5° 5-2 

5.3.3 Fault Impedance Analysis 

The behaviour and performance of the distance protection relay is now be outlined, initially 

for AC-side faults (on lines A-B and B-C) and then for pole-to-pole-to-ground (PPG) DC-side 

fault. Faults on the remote AC-side system are not considered as any fault current provided by 

the MVDC link would be limited to the power rating of the converter which would essentially 

appear as the converter operating at maximum demand to the distance protection relay at 

busbar A. 

5.3.3.1 Analysis of Distance Relay Settings and Fault Performance  

To verify the correct setting of the distance protection relay for standard AC system faults (i.e. 

Z1, Z2 and Z3), six fault studies were conducted, covering a wide range of fault locations and 

types. Transient simulations were carried out using a model implemented in Matlab Simulink 

(SimPowerSystems). Faults are applied after the beginning of the simulation at 0.5 s in all 

cases. 

Table 5-3 (where G indicates the detection of a fault to ground and P signifies a phase fault) 

presents which of the internal comparators of the distance protection relay leads to the tripping 

of the CB for each fault study. For the scenarios conducted the relay operates within the 

maximum clearance times specified previously. 
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Table 5-3: Simplified relay log for Z1, Z2, Z3 AC-side faults 

Scenario 
Time of Trip (s) 

Tripping Element 

Z1 Z2 Z3 

Fault Location Fault Type G P G P G P 

Line AB midpoint (Z1)  A-B-C-G 0.5144  ♦     

Busbar B (Z2) A-B-C-G 0.8229    ♦   

Busbar C (Z3) A-B-C-G 1.6221      ♦ 

Line AB midpoint (Z1)  A-G 0.5178 ♦      

Busbar B (Z2) B-C 0.8183    ♦   

Busbar C (Z3) C-A-G 1.6254      ♦ 

5.3.3.2 DC Side Fault Analysis 

For PPG DC-side faults, it is assumed that the converter’s AC-side CB at Station A fails to 

operate for the event, which therefore requires backup protection operation. Both Station A 

and Station B block commutation upon the initiation of the fault with the remote converter 

station disconnecting from the AC network within four AC cycles (80 ms). Fault inception is 

at 0.5 s and occurs at the midpoint (5 km) of the DC link. Faults at either end of the DC link 

are considered later.  

Figure 5-11 and Figure 5-12 present the (primary referred) AC-side voltage and currents as 

measured at the distance relay in addition to the DC-side voltage and currents measured at 

Station A. In the simulation, converter initialisation occurs up to 0.15s, then a pre-fault transfer 

of 30 MW from converter A to B is established. 
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Figure 5-11: Voltage and current characteristics for AC and DC systems during PPG fault at 

the mid-point of the DC link 
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Figure 5-12: Voltage and current characteristics for AC and DC systems during PPG fault at 

the mid-point of the DC link (0.45 s to 0.6 s) 
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The impedance locus diagrams displayed in Figure 5-13 represent the time-varying 

impedances calculated by the distance protection relay during the fault at the midpoint of the 

DC link. Each subplot shows a different calculation of the impedance based on phase to phase 

and phase to ground measurements (i.e. A-G, B-G, C-G, A-B, B-C, C-A). These subplots also 

show the standard distance protection zones (i.e. Z1 - Z3) as outlined previously in Section 

3.4.3. The “trails” represent the “history” of the calculated impedance over time starting from 

the time of fault inception – for example for AG, one can see that the measured impedance has 

“entered” from the right and transited (via an approximately circular loci) to its “steady state” 

– this evolution of measured impedance is due to the initial fault and the measurement 

algorithm (e.g. discrete Fourier transform etc.) within the relay stabilising during and after the 

initial transient/discontinuity in the measured voltages and currents. The impedance loci 

during the fault reside significantly outside the standard AC protection zones of the distance 

protection relay. The loci do however evolve towards a sustained value of approximately 

(2.5 + j10.8) Ω for a PPG fault.  
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Figure 5-13: R-X diagram for a PPG fault at the midpoint (5km) of the DC link   
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5.4 Fast-Acting Backup Protection Function  

5.4.1 Proposed Solution 

The highly inductive nature of the fault outlined previously in Figure 5-13 creates a degree of 

certainty as to where the impedance loci of a DC-side PPG event settles. This settling point 

resides significantly outside of the resistive, load-serving, operational area during load 

conditions. The inductive nature of the fault is associated with the significant amounts of 

inductance (i.e. converter filter and converter transformer) placed between the distance 

protection relay and the converter. This highly inductive characteristic could allow a distance 

protection relay to detect DC-side PPG/PP faults and trip quickly, using appropriate logic, 

should primary protection fail.  

As mentioned previously, conventional overcurrent protection is unlikely to provide reliable 

and fast backup disconnection as the current infeed to the fault is expected to be very low 

(again due to the significant impedance in the system). In the case of the simulated response 

for a PPG fault (Figure 5-11) this hypothesis is confirmed as the fault current is only 

approximately two times greater than load current with the DC link operating at maximum 

power export.  

Many modern digital distance protection relays include customisable zones where the setting 

characteristics can be manipulated as per network requirements. It is hypothesised that a fast-

trip quadrilateral characteristic, shown as zone 4 (Z4) in Figure 5-14 could potentially provide 

sufficiently quick backup protection to an embedded MVDC link for a DC-side PPG and PP 

faults. 
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Figure 5-14: R-X diagram showing conventional Z1-Z3 tripping zones and fast-acting Z4 

quadrilateral area for detection of DC-side faults. 

For a DC-side fault, it is important that the relay only trips for the area outside of the Z3 Mho 

characteristic but within the bounds of the Z4 quadrilateral (the area shaded with purple 

vertical lines in Figure 5-14). Under conventional relay setting, this would not be an issue as 

the time grading (i.e. tripping delay) increases with the increasing zone number. However, for 

the solution proposed a fault detected in Z4 should react much more quickly than both Z2 and 

Z3. A fault which resides in either Z2 or Z3 but also within the quadrilateral Z4 characteristic 

should trip with the time delays associated with Z2 and Z3 to ensure correct discrimination. 

The logic tripping expression for the fast-acting Z4 area (Z4TRIP) is therefore presented in 

equation 5-3. Note that since Z2 is a subset of Z3, a Z2 condition is not required in the tripping 

logic. 

 𝑍4𝑇𝑅𝐼𝑃 =  𝑍3. 𝑍4 5-3 

From the R-X plots outlined previously (Figure 5-13), it is established that DC-side faults 

appear as symmetrical events to the distance relay for a PPG fault. With the majority of AC 

faults on the distribution system being non-symmetrical events [269], it is proposed that all Z4 
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comparators (i.e. AB, BC, CA, AG, BG, CG) must be active to permit the fast DC trip zone. 

Since it has been determined that balanced DC-side faults appear symmetrically across the 

comparators, the introduction of this additional check increases the certainty of a DC-side fault 

being detected and therefore a fast-trip should be issued. The stability of  such a backup scheme 

is vital due to the wider geographical area and the larger number of customers liable to be 

disconnected should the Z4 scheme trip (but of course, this is required if there is a genuine 

uncleared fault on the DC link).  

Figure 5-15 presents the impedance measured by the distance relay during a simulated power 

export of 35 MW (100%) from Converter Station A towards Converter Station B. The 

impedance lies significantly outside of the standard and fast-acting Z4 protection zones for the 

distance delay. As the loading on the link is reduces the measured impedance will increase and 

will not enter the Z4 protection area during steady-state operation. 

 

Figure 5-15: Impedance measured by the distance protection relay during 100% real power 

export from Converter Station A  to Converter Station B 

5.4.2 Relay Setting Parameters 

The maximum (primary referred) resistance and reactance of the system, as measured by the 

distance protection relay, for a fault located at the remote end of a DC link is calculated via 

equations 5-4 and 5-5. A 20% grading margin is added to the apparent impedance to calculate 

the reach of Z4 (Z4Reach) as in equation 5-6. This uncertainty allows for errors in line length 

and transducer error but also considers the nonlinearities associated with the AC to DC 
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conversion system such as those associated with the conduction (i-v) curve of power electronic 

devices. 

 𝑅𝑍4 = ∑[𝑅𝐿𝑎𝑐
, 𝑅𝑋𝑓𝑚𝑟 , 𝑅𝐹 , 𝑅𝐿𝑑𝑐

] 5-4 

   

 𝑋𝑍4 = ∑[𝑋𝐿𝑎𝑐
, 𝑋𝑋𝑓𝑚𝑟 , 𝑋𝐹] 5-5 

   

 
𝑍4𝑟𝑒𝑎𝑐ℎ = 1.2 × √𝑅𝑍4

2 + 𝑋𝑍4
2  

5-6 

RZ4 and XZ4 are the maximum expected resistance and reactance associated with a DC-side 

fault at busbar B, as measured at the relay location. 𝑅𝐿𝑎𝑐
 and 𝑋𝐿𝑎𝑐

 represent the resistance and 

reactance of the AC conductors between the distance relay and the converter’s AC-side CB. 

𝑅𝐿𝑑𝑐
 is the resistance of the DC conductors between converter Station A and Station B. RF and 

XF are the resistance and reactance of the AC filters at Station A. Finally, RXfmr and XXfmr are 

the resistance and reactance of the converter transformer. Note that the reactance of the DC 

line is not included in the calculation of XZ4 as there should be no AC component within a DC 

system and therefore no reactance.  

The quadrilateral line setting angle for the solution employs equation 5-2 but using the 

resistance and reactance values determined by equations 5-4 and 5-5. The angle of the Z4 reach 

can be computed as per equation 5-7. 

 
𝜃 = tan−1 (

𝑋𝑍4

𝑅𝑍4
) 5-7 

For the network presented previously in Figure 5-10, setting parameters are calculated as 

follows. Note that the transformer winding resistance has been assumed to be negligible for 

these case studies.  

𝑅𝑍4 = [(0.17 × 5) + 0.3 + (0.17 × 10)] = 2.9 Ω 

𝑋𝑍4 =  [(0.3 × 5) + 6.28 + 3.14] = 10.9 Ω  

𝑍4𝑟𝑒𝑎𝑐ℎ = 1.2 × √2.92 + 10.92 = 1.2 × 11.28 = 13.5 Ω 

𝜃 = tan−1 (
10.9

2.9
) = 75.1° 

A summary of all the relay setting parameters is outlined in Table 5-4. A tripping delay of 

100 ms is used for Z4 to provide time for the converter’s main protection scheme to detect and 

block (assumed maximum 20 ms) and isolate the fault through opening the AC-side breaker 
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(assumed maximum 60 ms), with a discrimination margin of 20 ms (in effect, clearance would 

be after a further 80 ms or so due to circuit breaker action). 

Table 5-4: Summary of relay setting parameters 

Parameter Value 

Mho line angle (°) 60.5 

Quadrilateral line angle (°)  75.1 

Z1 reach(Ω) 1.4 

Z2 reach (Ω) 2.1 

Z3 reach (Ω) 6.3 

Z4 reach (Ω)  13.5 

Z4 resistive reach (Ω) 2.9 

Z2 delay (s) 0.300 

Z3 delay (s) 1.100 

Z4 delay (s) 0.100 

5.4.3 DC Fault Simulation Studies 

To validate the relay setting configuration, a series of simulated PPG and PP events were 

applied at three locations on the DC line: at the terminals of converter A (0 km), the middle of 

the DC line (5 km) and at the terminals of converter B (10 km). Faults are applied at 0.5 s with 

a fault resistance of 0.1 Ω. The tripping times and associated detection zones for these DC-

side faults are presented in Table 5-5. Figure 5-16 presents the associated R-X locus diagrams 

for a PPG fault at the midpoint of the DC link. 

Table 5-5: Relay Log DC-Side Faults 

Scenario 

Time of  Trip (s) 

Tripping Zone 

Location Fault Type Z1 Z2 Z3 Z4 

0 km PPG 0.634    ♦ 

5 km PPG 0.637    ♦ 

10 km PPG 0.639    ♦ 

0 km PP 0.635    ♦ 

5 km PP 0.637    ♦ 

10 km PP 0.638    ♦ 
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Figure 5-16: R-X diagram for a pole-to-pole-to-ground fault at DC link midpoint  

It is observed from Figure 5-16 and Table 5-5 that the relay correctly identifies all PPG and 

PP faults with a maximum tripping time of 0.639 s, 0.139 s after fault inception in the case of 

the PPG fault at 10 km. This time incorporates the (user-configurable) 100 ms Z4 delay 

outlined previously to allow for grading with the embedded MVDC link’s main converter 

protection scheme. Effectively, the relay detects the presence of the fault residing inside Z4 in 

40 ms. The tripping time could potentially be shorter if desired, through specifying a shorter 

delay time.  

The final impedance settling points are presented in Figure 5-17 for PPG faults and in Figure 

5-18 for PP events. It is shown that the relay is sensitive to all PPG and PP faults along the 
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length of the MVDC link. These plots confirm that the measured AC-side impedance only 

increases horizontally along the resistive axis proportionally to the increasing distance 

between the measurement point and fault location for DC-side PPG and PP faults. 

Accordingly, for any resistive fault, the locus of the apparent impedance would be shifted to 

the right with the magnitude of the shift being proportional to the fault resistance.  

 

 

 

 

 

 

 

 



132 

 

 

 

Figure 5-17: Final apparent fault impedance settling points for PPG events at Station A, mid-

point and Station B  
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Figure 5-18: Final apparent fault impedance settling points for PP events at Station A, mid-

point and Station B  
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5.5 Discussion 

Fast-acting distance protection offers an innovative method of providing fast backup 

protection to the main converter protection for DC-side PPG and PP faults under a symmetrical 

monopole operating topology.  

The back-up protection reported here would not be capable of detecting single pole-to-ground 

faults for a symmetrical monopole. When a PG fault occurs, the link effectively becomes a 

monopole with a metallic/ground return. The transfer current remains constant, as the system 

is still controlled, while the DC voltage tends towards twice the nominal pole-to-ground 

voltage (i.e. 54 kV in the case of a ± 27 kV system) as outlined in Figure 5-19 [270]. From the 

AC-side, there is no change in the AC voltage or currents and therefore the distance relay 

would not be sensitive to such faults. 
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Figure 5-19: AC and DC voltages and currents for PG fault at the mid-point of the DC link 

Depending upon network topology, it may be undesirable to permanently trip the CB at the 

AC distance relay (i.e. at busbar A in Figure 5-10) in the event of a DC-side fault, however,  

the approach outlined could also provide a transfer trip to a more local CB or potentially even 

a load-interrupting switch (which may be usable as fault currents are relatively low) to 

minimise the isolation of healthy AC circuits in an interconnected network.  
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A quadrilateral impedance characteristic has been used for these studies, as it is easy to 

implement on standard commercially available relays. It may be preferable to define a more 

customized shape (i.e. via specific R-X coordinates to create a specific boundary) to improve 

performance. This could readily be achieved via modifications to distance protection relay 

configuration and setting software as will be explored in detail in towards the end of Chapter 

6. 

5.6 Conclusion 

The role and effectiveness of existing network protection strategies must be investigated for 

situations where DC interconnectors, with converter interfaces, are introduced within existing 

networks. This chapter has presented the results of such an investigation into the impacts on 

power system protection performance from the introduction of embedded MVDC links into 

distribution networks and shown how existing AC-side distance protection can be modified to 

provide backup protection, should a fault on the DC link not be cleared by the main protection 

for that link. 

Through simulations presented in this paper, the impedance for DC-side PP and PPG faults, 

as measured remotely from the AC network, are determined. Using this characteristic, a fast-

acting backup protection scheme has been demonstrated. The developed solution is trialled for 

faults at various locations on the DC link with the protection performing as expected. 

Studies have shown that existing AC distance protection relays, with suitable modifications to 

their zones/settings, have the potential and ability to discriminate and react quickly to faults 

upon a DC link in a backup mode. 
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Chapter 6  
— 

Physical Validation of DC Fault 

Impedance and of the Fast-Acting 

Protection Scheme 
 

6.1 Introduction 

Simulations in Chapter 5 have demonstrated that conventional AC-side distance protection 

relays can detect and issue trip signals to provide fast-acting backup protection for balanced 

faults residing on an embedded MVDC link. While the results from software simulation-based 

investigations appear promising, it is good practice and important from a research perspective 

to validate that the sampled voltages and currents produced via the transient simulations are a 

realistic representation of a converter’s behaviour under symmetrical DC-side faults, and that 

the protection system developed through the research will perform as expected. Due to the low 

volume of research produced by the academic community surrounding the topic of AC-side 

system performance during DC-side faults, the response of the AC system during a DC faults 

will first be validated in this chapter. 

The performance of a commercially available distance protection relay will be examined and 

tested in a hardware-in-the-loop (HiL) simulation environment. The requirement for additional 

algorithms, outlined in the previous chapter, will be demonstrated and implemented on the 

relay. The use of a customisable R-X coordinate based setting approach will also be trialled. 

In summary, this chapter will discuss and present the findings from three experimental 

processes as outlined. 

1. Verification of AC system performance for DC-side faults – Section 6.2 

2. Validation of the fast-acting backup protection concept using a commercial distance 

protection relay and demonstrating the relay’s correct functionality and sensitivity for 

AC faults – Section 6.3 

3. A user-customisable R-X coordinate-based setting approach – Section 6.4 
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6.2 Validation of AC System Response During DC Faults  

6.2.1 Objective of Tests 

The protection solution outlined in Chapter 5 is based upon transient simulations derived from 

software. This has the implication that results are of course subject to mathematical models of 

electrical components used by the software in addition to simulation platform characteristics 

which may, or may not, accurately reflect the true behaviour of a physical system during 

normal and faulted conditions. A test environment was designed and constructed to allow the 

AC-side impedance associated with a DC fault to be validated via physical measurement of 

three-phase voltages and currents. 

The following subsections outline the design of the test system and define the anticipated 

response, through simulation, for the test system. The experimental procedure and results are 

then presented followed by a discussion of results. 

6.2.2 Description of Test System used in Experiments 

The test system was based on a 35 MVA converter which connected between two 33 kV 

distribution networks via a line of 10 km - similar to the Angle-DC project. To reduce the 

currents associated with faults and to keep system voltages to a safe and manageable level, a 

three-phase 42 Vrms AC test network was used for the laboratory experiments. The use of a 

low voltage system allows for straightforward measurement of instantaneous voltage and 

currents.  

There were several challenges associated with the scaling of an MVDC converter to levels that 

will be suited to a laboratory environment. The test setup therefore did not contain any actively 

switched power electronics but rather used a three-phase, six pulse, full-bridge diode rectifier 

to represent an AC-DC converter for the reasons outlined below: 

• VSC converters block commutation during DC side faults and essentially respond as 

an uncontrolled rectifier once the DC-side voltage is lower that the rectified voltage 

level (as discussed previously); 

• a diode bridge arrangement reduces prototyping time by negating the requirement to 

design and build of a VSC converter control system; 

• the experimental cost could be reduced due to diode bridges being inexpensive 

compared to actively switched devices in addition to fewer electrical components and 

controllers being required; and 
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• the response of a diode rectifier supplying DC-side faults is generally well-reported in 

literature. 

While it is acknowledged that a diode-rectifier does not have the same control capabilities as 

an actively switched VSC system during steady-state operation (e.g. the ability to 

independently control real and reactive power), the system can be considered as representative 

of an MVDC link for symmetrical DC-side faults. 

 

Figure 6-1: Single line test network diagram 

Figure 6-1 presents the test network built and used in the laboratory. A 400 V, three-phase, 

supply was stepped down via a three-phase variable autotransformer (commonly referred to 

as a Variac) to a phase-phase rms voltage of 42 V. Measurements of instantaneous voltage and 

current were taken at the position outlined in the diagram.  

A three-pole, 4 A MCB (miniature circuit breaker) with C-type tripping characteristic was 

used both to protect the low voltage system as well as to provide a point to physically isolate 

the low voltage system from the supply [271]. MCBs with C-type tripping characteristics are 

designed for devices with higher inrush currents (e.g. inductive loads such as motors and lamp 

ballasts etc.) of between five and ten times rated current [261] whereas a standard B-type 

MCB, found in most domestic properties, facilitate a lower current inrush of between three 

and five times rated current. The MCB also allowed the AC voltage to be set, via the Variac, 

prior to full energisation of the downstream test network.  

Cables (both AC and DC), the transformer and AC converter filters were emulated using 

lumped-element R-L components. A three-phase uncontrolled diode bridge was used to 

convert the three-phase AC to DC. No DC-side capacitance was included in the system as 

capacitors store energy which would have introduced an unnecessary hazard into the 

experimental setup.  Since the capacitor discharge during DC-side faults occurs for only a 

short period, it was deemed that the exclusion of these components would have negligible 
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effect on the final fault impedance. The DC system was grounded via a midpoint created by 

two high value resistors (50 kΩ) which connect in series between the two DC poles. 

A two-pole contactor was used for fault inception. The use of a contactor allowed for faults to 

be applied to the system from a safe distance via a hardwired remote control. The contactor 

(an electrically controlled mechanical switch - essentially a relay for higher power 

applications) connected the fault resistance of either 0 Ω or 1 Ω at the rectifier terminals or at 

the load terminals to simulate faults at either end of the 10 km DC link. 

The measurement of three-phase voltages and currents was achieved using a Fluke 435 Series 

II Power Quality and Energy Analyser [272] operating in the ‘Power Wave’ recording mode. 

This mode samples voltage and current values at a frequency of 3,750 Hz and logs the results 

to an SD card. The data on the SD card was downloaded on to a computer where the recorded 

traces could be converted to a tabulated text file using software (Power Log 430 – II) provided 

by the manufacturer. Current measurements were achieved via clamp-on current transformers. 

A summary of the electrical parameters for the test network is presented in Table 6-1. The 

electrical topology for the experimental setup is outlined in Figure 6-2. Note that the conductor 

colours of the experimental test network are outlined in Table 6-2 and follow the colour coding 

convention defined in BS 7671 [273]. Figure 6-3 and Figure 6-4 display two- and three-

dimensional visualisations of the mechanical design of the test system. Images of the test setup 

follow in Figure 6-5 to Figure 6-7 with points of interest numbered. The component values 

selected for this setup were selected to be similar to values used in the modelling of a grid-

scale converter, while making sure that the components were readily available from suppliers 

and existing laboratory equipment.  
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Table 6-1: Component values for experimental setup 

Component Value  

AC line resistance  0.16 Ω/km 

AC line inductance [per phase] 1.2 mH/km 

Transformer inductance [per phase] 35 mH 

Converter filter inductance [per phase] 20 mH 

Rectifier current rating [274] 25 A 

Rectifier voltage rating [274] 600 A 

DC line resistance [per pole] 0.16 Ω/km 

DC line inductance [per pole] 1.2 mH/km 

DC load 33 Ω 

DC midpoint grounding resistance [per pole] 50 kΩ 

Fault resistance 0.0 / 1.0 Ω 

Fault contactor (2 pole) current rating (230 V coil) 20 A 

3 pole MCB – network protection 4 A – Type C 

1 pole MCB – control protection 1 A – Type C 

Table 6-2: Circuit wiring colour codes [273] 

Colour 
      

Brown Black Grey Blue Yellow - Green 

3-phase AC  L1 L2 L3 Neutral Ground 

3-wire grounded DC Positive  – Negative Mid-Point – 
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Figure 6-2: Electrical schematic of test setup 
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Figure 6-3: Plan view of mechanical layout 

 

Figure 6-4: 3D view of mechanical layout 
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Figure 6-5: Laboratory test setup (1) 

 

 

Figure 6-6: Laboratory test setup (2) 
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Figure 6-7: Laboratory test setup showing hardwired remote control for fault inception and 

instantaneous three phase voltage and current logger 



146 

Table 6-3:  Description of numbered points from laboratory test setup images 

ID Description 

1 LV AC isolation point and voltage measurement location 

2 Passive components emulating AC network and converter assets 

3 Passive components emulating DC network and DC grounding system 

4 Passive components to emulate DC load and fault resistance 

5 DC fault inception control circuitry  

6 Three-phase controllable step-down transformer (Variac) 

7 Split-core current clamps for current measurements 

8 Fluke 435 Series II Power Quality and Energy Analyser  

9 Hardwired remote control for fault inception 

6.2.3 Simulated Response 

Before determining the response of the system on the physical hardware test platform, the 

network was first simulated in Matlab Simulink to ensure that components were operated 

within their continuous rating. Although faults were only be placed on the system for short 

periods of time (<1 s) it was important that components did not impose non-linearities on to 

the system during fault transients.   

Four scenarios were studied for faults placed at either end of the DC link with a fault resistance 

(RF) of either 0 Ω or 1 Ω. To summarise, the four fault events were as follows: 

a) Location = station A (0 km), fault resistance = 0 Ω 

b) Location = station A (0 km), fault resistance = 1 Ω 

c) Location = station B (10 km), fault resistance = 0 Ω 

d) Location = station B (10 km), fault resistance = 1 Ω  

The voltages and currents for each event were recorded and analysed in Matlab Simulink to 

determine the final settling point of the impedance for phase-phase and phase-ground 

elements. The calculation of R and X values was achieved in Simulink using the subsystem 

presented in Figure 6-8. This subsystem employs a Fourier transform to convert a pair of time-

varying voltage and current measurements into a magnitude and phase. A complex division 

operation was carried out to obtain the measured impedance of the system in polar form. This 

value was transformed to cartesian form to provide the impedance in terms of R and X. Six of 

these subsystems were used in parallel to determine the impedance for all phase-to-phase and 

phase-ground elements. 
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Figure 6-8: R-X detection subsystem 

An example of the three-phase, time-sampled voltages and currents produced by the 

simulation model is presented in Figure 6-9. Note in this figure the voltage magnitude appears 

to remain unchanged during the fault event, this is primarily due to the fault current being very 

low and as such the voltage drop at the measurement point is negligible. The final R-X 

impedance values for each event are presented in Table 6-4 where the highly inductive 

characteristic (as measured by the AC-side for DC-side faults) can be observed for the four 

fault events as expected. The pre-fault impedance is also recorded in this table to demonstrate 

that the steady-state operation of the converter is significantly outside of the fault impedance 

area.  

 

Figure 6-9: Simulated three-phase voltages and currents for a 1 Ω DC fault at Station A 

(fault application time = 0.5 s) 
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Table 6-4: Impedance measurements during DC-side faults and pre-fault conditions 

Fault  

Location 
Station A Station A Station B Station B Pre-fault 

RF (Ω) 0 1 0 1  

D
is

ta
n

ce
 E

le
m

en
t 

AB 
R (Ω) 5.67 6.27 7.55 8.14 28.3 

X (Ω) 23.98 23.99 24.33 24.3 26.65 

BC 
R (Ω) 5.67 6.27 7.55 8.14 28.3 

X (Ω) 23.98 23.99 24.33 24.3 26.65 

CA 
R (Ω) 5.67 6.27 7.55 8.14 28.3 

X (Ω) 23.98 23.99 24.33 24.3 26.65 

AG 
R (Ω) 5.67 6.27 7.55 8.14 28.3 

X (Ω) 23.98 23.99 24.33 24.3 26.72 

BG 
R (Ω) 5.67 6.27 7.55 8.14 28.2 

X (Ω) 23.98 23.99 24.33 24.3 26.63 

CG 
R (Ω) 5.67 6.27 7.55 8.14 28.2 

X (Ω) 23.98 23.99 24.33 24.3 26.76 

 

6.2.4 Experimental Results 

The four pole-to-pole fault events were then applied to the physical test system. As mentioned 

previously, faults were applied to the system via the hardwired remote control with 

instantaneous voltages and currents being recorded to an SD card via the Fluke measurement 

system. An example of the voltages and currents associated with a 1 Ω fault at Station A is 

presented in Figure 6-10 - note the similarity between measured plot in Figure 6-10 and the 

simulated plot in Figure 6-9. The small differences between individual voltage and current 

phases is associated with discrepancies in resistance and inductance values of physical 

components. 

 

 



149 

 

Figure 6-10: Experimental three-phase voltages and currents for a 1 Ω DC fault applied 

at Station A (fault application time ≈ 1.18 s)  
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The final R-X impedance settling points for each fault event are presented in Table 6-5. Each 

experiment was conducted three times with the mean R and X value being recorded for each 

case. The final impedance settling points for all comparators (i.e. AB, BC, CA, AG, BG, CG) 

for each fault event are plotted in Figure 6-11 for both hardware and software tests.  

Table 6-5: Final settling impedance for fault scenarios (mean value recorded) 

Fault Location Station A Station A Station B Station B Pre-Fault 

RF (Ω) 0 1 0 1  

D
is

ta
n
ce

 E
le

m
en

t 

AB 
R 7.08 7.73 9.02 9.69 31.8 

X 23.3 23.3 23.1 23.1 22.7 

BC 
R 7.08 7.73 9.02 9.69 31.8 

X 23.3 23.3 23.1 23.1 22.7 

CA 
R 7.08 7.73 9.02 9.69 31.8 

X 23.3 23.3 23.1 23.1 22.7 

AG 
R 7.67 8.47 9.67 10.4 32.4 

X 25.8 25.8 25.6 25.6 24.7 

BG 
R 7.79 8.41 9.67 10.4 32.5 

X 22.6 22.6 22.4 22.4 25.7 

CG 
R 7.63 8.43 9.63 10.3 32.4 

X 25.9 25.9 25.8 25.8 25.3 
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Figure 6-11: Simulated and experimental DC fault impedances 

It is clear from Figure 6-11 that the experimental and simulated results of the system perform 

similarly for the four fault events studied. For clarity purposes, each point plotted in Figure 

6-11 represents the mean value of the six comparators. It is noted, however, that there are 

discrepancies between the experimental and simulated results. This absolute error between the 

simulation and experimental results are quantified in terms of R and X in Table 6-6.  
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Table 6-6: Absolute impedance error between simulated and experimental faults 

Fault  

Location 

ZF  

(Ω) 

Simulated Experimental Absolute Error 

R (Ω) X (Ω) R (Ω) X (Ω) R (Ω) X (Ω) 

Station A 0 5.67 24.0 7.39 24.1 1.72 0.08 

Station A 1 6.27 24.0 8.08 24.0 1.81 0.03 

Station B 0 7.55 24.3 9.34 23.9 1.79 -0.45 

Station B 1 8.14 24.3 10.05 23.9 1.91 -0.45 

Based on the absolute error between resistance and reactance values, the impedance error is 

calculated in Table 6-7 and presented as a percentage error. It was found that the maximum 

error between simulated and experimental fault impedances of 7.67%. Considering that the 

experimental setup employed current transformers (with an error tolerance of 2% [275]) as 

well as a measurement device which was only calibrated for measurements of  >50 V [272], 

the results between experimental and simulation investigations appear to be consistent with 

one another.  

Table 6-7: Mean fault impedance across all distance elements for simulated and 

experimental results 

Fault  

Location 

ZF  

(Ω) 

Absolute Error (Ω) Absolute Error (Ω) Error 

R X Z (%) 

Station A 0 1.72 0.08 1.721 6.98 

Station A 1 1.81 0.03 1.812 7.31 

Station B 0 1.79 -0.45 1.843 7.23 

Station B 1 1.91 -0.45 1.965 7.67 

6.2.5 Discussion 

From the experiments conducted in this section it has been determined that a highly inductive 

characteristic, as measured via AC-side voltage and currents, is expected for DC faults. This 

aligns with the hypothesis produced during simulation in Chapter 5. Additionally, it has been 

confirmed that the AC impedance for faults on the DC system move along the resistive axis 

for increasing distance from the measurement point. When considering the limitations 

associated with component tolerances and the measurement system, the results from the 

experimental setup support the simulation results. Given that the highly inductive settling point 

of the system has now been confirmed, the protection approach outlined previously in Chapter 

5 can now be validated on a commercial protection relay.  
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6.3 Deployment of Protection Scheme on an Actual 

Distance Protection Relay  

6.3.1 Introduction 

In the work reported in this section, the backup protection scheme developed in Chapter 5 was 

deployed on a commercially available distance protection relay in a HiL test environment. The 

trials conducted in this section benchmark the performance of the solution for both standard 

AC-side zone faults as well as DC-side pole-to-pole events to ensure that the stability of the 

device is not impacted by the introduction of the fast-acting Z4 tripping region. 

6.3.2 Description of Experimental Setup 

The 33 kV test network used in the studies is outlined in Figure 6-12. In this example two 

10 km circuits were fed from busbar B. The first circuit is an AC line which supplies a 4 MW 

resistive load. The second circuit connects between busbar B and busbar D via an MVDC link 

operating under a symmetrical monopole topology. (Under conventional AC operation it is 

unlikely that these busbars would be connected due to concerns surrounding increased fault 

level). The link was rated at 35 MW with an operating voltage of ± 27 kV and was formed via 

the repurposing of existing AC conductors. All conductors use the same characteristic 

impedance of (0.17 + j0.3) Ω/km and were modelled as lumped element R-L series 

components.  

 

Figure 6-12: Test network with four fault locations indicated 

The steady-state control for the converters was based on a standard P-Q / VDC-Q arrangement 

as described previously in Section 5.2.2. During AC-side faults it was assumed that the MVDC 

link did not contribute any current into the fault as, at present, no grid codes exist in GB which 

govern the connection and fault ride through requirements of an MVDC link connected to a 

distribution network [60]. The converter had a per unit transformer impedance of 20% (6.22 Ω 
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/ 20 mH) in addition to an AC filter of 20%. Note that quantities were referred to a 33 kV, 

35 MVA and 31 Ω base. 

During a DC fault, the converter should block commutation of switching devices and open the 

AC-side converter CBs at either end of the MVDC link. It was assumed for these studies that 

the CB at Station A failed to open for DC faults leaving the link in an uncontrolled rectifying 

state. Therefore, the fault had to be cleared by the fast-acting backup protection algorithm, 

outlined in Chapter 5, implemented on the distance protection relay in Figure 6-12.  

A series of fault studies were investigated to determine whether the relay could identify faults 

on the MVDC link and distinguish them from standard AC-side events. Figure 6-12 also 

outlines four fault locations, one in each protection zone, which were studied. Faults were 

modelled as symmetrical three-phase to ground events for AC-side disturbances and pole-to-

pole-to-ground for DC-side events. It was assumed that the converter controller at Station B 

correctly isolates the infeed from the external grid during faults. The link had a pre-fault power 

transfer of 5 MW towards the external grid. 

Voltages and currents recorded at busbar A during offline simulations were used as the input 

for a series of real-time HiL simulations. Sampled (100 μs) three-phase voltages and currents 

were produced via Simulink simulations and stored to a comma separated value (CSV) file for 

each fault scenario. These files were suitable for upload into an injection amplifier which 

connected to the protection relay. A sample injection trace showing three-phase voltage and 

current is presented in Figure 6-13. These values were secondary referred via a VT with ratio 

of 33,000/110 V and CT ratio of 1750/5 A. All faults are applied at 0.5 s. 
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Figure 6-13: Three-phase, secondary-referred, injection voltages and currents for fault F1  

The calculations for the fast-acting Z4 resistive (RZ4) and reactive (XZ4) line reach settings (as 

determined in Chapter 5) are detailed below using equations 6-1 and 6-2 where a 20% grading 

margin was applied to account for uncertainties in circuit parameters, errors in transducers etc. 

The line impedance angle (θ) is calculated via equation 6-5. In the equations the variable R 

signifies a resistance and X a reactance in ohms (Ω). Lac denotes the AC line, Xfmr the 

converter transformer, F the converter filter and LDC is the DC line. It was assumed that 

transformer resistance is negligible for the cases studied. 

 𝑅𝑍4 ≈ 1.2 × ∑[𝑅𝐿𝑎𝑐
, 𝑅𝑋𝑓𝑚𝑟, 𝑅𝐹 , 𝑅𝐿𝑑𝑐

] 6-1 

 𝑋𝑍4 ≈ 1.2 × ∑[𝑋𝐿𝑎𝑐
, 𝑋𝑋𝑓𝑚𝑟, 𝑋𝐹] 6-2 

 𝑅𝑍4 ≈ 1.2 × [(0.17 × 5) + (0.3) + (0.17 × 10)] ≈ 3.42 Ω 6-3 

 𝑋𝑍4 ≈  1.2 × [(0.345 × 5) + 6.22 + 6.22] ≈ 17.0 Ω 6-4 

 
𝜃 = tan−1 (

𝑋𝑙𝑖𝑛𝑒

𝑅𝑙𝑖𝑛𝑒
) = tan−1 (

0.3

0.17
) = 60.5° 6-5 

Table 6-8 outlines the setting parameters applied to the distance protection relay. Note that 

these values are primary referred and do not take CT and VT ratios into consideration. The 

numerical distance protection relay used in this section automatically calculated the 
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appropriate secondary values using the predetermined CT and VT ratios. Quadrilateral 

characteristics were implemented for all zones due to limitations in the relay’s configuration 

software.  

Table 6-8: Distance protection relay setting parameters 

Parameter  Value  

Line angle [Z1-Z3] (°)   60.5  

Line angle [Z4] (°)   80.0  

Z1 reach (Ω)  1.374  

Z2 reach (Ω)  2.146  

Z3 reach (Ω)  6.010  

Z4 reach (Ω) 17.44 

Resistive reach (All Zones) (Ω) 3.420 

Z1 fault delay (phase & ground) (s) 0.100 

Z2 fault delay (phase & ground) (s) 0.500 

Z3 fault delay (phase & ground) (s) 1.300 

Z4 fault delay (phase & ground) (s) 0.100 

Figure 6-14 summarises the HiL test setup. The control computer was used to upload the 

sampled voltages and currents into the programmable test amplifier via a parallel 

communication interface. The sampled voltages and currents were produced via simulation, 

for each of the four fault events, in a CSV format with time resolution of 100 μs. 

 

Figure 6-14: Real time hardware-in-the-loop test setup 
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The injection amplifier was connected to the distance protection relay via six shrouded test 

leads; three for voltage injections and three for current injections. The settings for the digital 

distance protection relay could be configured via the manufacturer’s relay configuration 

software and were applied to the relay by uploading the setting file via a serial interface.  

The standard logic of a distance protection relay assumes that the tripping time increases with 

increasing zone. As stated previously in Chapter 5, amended tripping logic as presented in 

equation 6-6  was required to correctly time-grade the protection relay - thus ensuring stability 

for standard AC faults. Additionally, as stated previously in Chapter 5, the impedance of DC-

side faults, as measured from the AC side, appears symmetrically across all six measurement 

comparators on distance protection relays. This logic presented in Figure 6-15 ensures that all 

of the Z4 comparators were active before a trip command was issued.  

 𝑍4𝑇𝑟𝑖𝑝
= 𝑍3̅̅̅̅ . 𝑍4 6-6 

 

Figure 6-15: Additional tripping logic diagram 

Experiments were initiated from the control computer where the three-phase voltages and 

currents were injected into the relay by the amplifier in real-time. The tripping output contact 

of the relay connected back to the monitored inputs on the injection amplifier to allow trip 

times produced by the relay to be recorded. Further interrogation of events was achieved via 

the relay’s human machine interface (HMI) or by downloading fault logs over the serial 

interface. Figure 6-16 and Figure 6-17 display the experimental setup in the Dynamic Power 

Systems Laboratory at the University of Strathclyde. 
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Figure 6-16: Hardware-in-the-loop injection amplifier 

 

 

Figure 6-17: Anonymised commercially available relay used in HIL experiments 
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6.3.3 Experimental Results 

Four injections tests were conducted to represent faults associated with each of the four fault 

locations as outlined previously. Faults were all applied to the system at 0.5 s. The relay trip 

time and active zone elements were recorded for each of the four fault scenarios and are 

presented in Table 6-9 alongside the expected tripping time of the relay. Note that it was not 

possible to mix Mho and quadrilateral characteristics with the relay used in this investigation 

due to limitations in the configuration software. It is observed that the trip times for all event 

scenarios are as expected. In the case of fault F4, which represents a fault on the MVDC link, 

the relay detects the fault inside of 35 ms and sends a trip signal to the CB 0.1344 s after fault 

anticipation. 

Table 6-9: Relay log for fault simulations 

Scenario 
Distance Zone Triggered  

Trip Time (s) Expected Trip Time (s) 
Z1 Z2 Z3 Z4 

F1 ♦ ♦ ♦ ♦ 0.5206 > 0.5 

F2  ♦ ♦ ♦ 0.8166 > 0.8 

F3   ♦ ♦ 1.8220 > 1.8 

F4    ♦ 0.6344 > 0.6 

Simplified R-X diagrams, which show the impedance calculated by the distance protection 

relay for the phase element AB, for faults F1 to F4 are presented in Figure 6-18 - Figure 6-21. 
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Figure 6-18: R-X diagram for fault F1 Figure 6-19: R-X diagram for fault F2 

  

Figure 6-20: R-X diagram for fault F3 Figure 6-21: R-X diagram for fault F4 
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6.3.4 Discussion 

From the experiments presented in Section 6.3, it has been determined that a commercially 

available distance protection relay can successfully respond to DC-side faults in a fast-acting 

manner while remaining sensitive to AC system events in Z1, Z2 and Z3. In the case of event 

F4, the relay detects the DC fault within 35 ms and trips the CB after a further user-definable 

delay of 100 ms. 

The tripping logic of the relay required to be adjusted to avoid premature tripping for faults 

residing in Z2 and Z3 as presented in equation 6-6 in the form of a Boolean expression. This 

expression essentially blocks a Z4 trip when the relay detects a fault residing in Z2 or Z3, 

therefore, allowing a more appropriate disconnection time to be used. This modification to 

tripping logic can be readily implemented on numerical and digital protection relays.  

The inclusion of additional setting parameters in relay configuration software would make the 

implementation of the fast-acting Z4 region much simpler for end-users – as will be explored 

in the subsequent section. For example, if the relay configuration software allowed the X 

setting value to be increased from 0 Ω, to circa 14 Ω, a fully independent Z4 to be created 

outside of Z1-Z3. The implementation of this is described in Section 6.4. 

The fast-acting protection approach trialled in this section demonstrates that it is possible to 

use existing distance protection relays to provide backup protection for embedded MVDC 

links. This method also represents a potential cost saving as existing relaying equipment and 

measurement transducers can be reused in retrofit scenarios.  
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6.4 R-X Coordinate-Based Setting Approach 

6.4.1 Overview of R-X Setting Approach 

While the protection scheme has been verified on a commercially available digital distance 

protection relay, the Z4 tripping region could be considered as being unnecessarily large – 

especially given that the fault impedance lies towards the top of the Z4 region. This large area 

could, theoretically, cause an unwanted fast trip for AC faults occur at the boundary of Z3 and 

Z4 when in reality it should be cleared by downstream protection devices or after a more 

appropriate time delay. To alleviate this potential concern, an R-X coordinate-based setting 

approach, as outlined in Figure 6-22, will be introduced in this final experimental section. 

 

Figure 6-22: New Z4 tripping region using R-X coordinate points marked A-D 

The coordinates for the fast-acting Z4 region are described in Table 6-10 for the points A-D. 

A grading margin of 20% is applied in line with standard protection practice to allow for 

uncertainties in transducers, line parameters and in relay operation. The values of RZ4, XZ4 and 

θ can be determined using the process described previously in Chapter 5.  
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Table 6-10: Setting coordinate calculations 

Point R X 

A 0 0.8 × 𝑋𝑍4 

B 0 1.2 × 𝑋𝑍4 

C 𝑅𝐷 +
𝑋𝐵 − 𝑋𝐴

tan(𝜃)
 1.2 × 𝑋𝑍4 

D 1.2 × 𝑅𝑍4 0.8 × 𝑋𝑍4 

6.4.2 Description of Experimental Design 

6.4.2.1 System Overview 

To validate the outlined protection method, the protection algorithm was implemented on a 

low-cost (c. £40 in the year 2020) computing platform (in this work a Raspberry Pi Model 4 

[276]).  

A test network (presented later in Figure 6-31) was constructed using Matlab Simulink for a 

range of simulated AC and DC faults at different locations on the test network. The simulated 

voltages and currents were recorded in the form of COMTRADE (Common format for 

Transient Data Exchange for power systems) files. These COMTRADE files were imported 

into a real time simulation platform (in this case an RTDS Technologies system), where the 

playback function was used to re-play the simulated faults.  

The voltage and current signals were sent from the RTDS to the Raspberry Pi based protection 

controller via a GTNET card using a UDP protocol. The Raspberry Pi calculates, using a 

Fourier transform, the associated impedances and compares them against the relay setting 

parameters to determine whether to trip, trip with a time delay or to not trip at all. If a tripping 

condition is met, a trip signal was sent back to the RTDS (via the same UDP connection), 

where the time of fault inception, the fault detection time and the received trip signal were all 

monitored and recorded. Further details surrounding the implementation of the distance 

protection relay are provided in Section 6.4.2.2. A diagram of the test setup is presented in 

Figure 6-23. 
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Figure 6-23: Experimental overview 
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6.4.2.2 Distance Relay Implementation Overview 

A summary of the processing steps required to implement the distance protection relay for this 

investigation are outlined in Figure 6-24. More detailed logic diagrams are presented in Figure 

6-25 to Figure 6-30 which provide further details about the implementation of the distance 

relay in software.  It should be highlighted that distance protection relays are very complex 

and that the relay created through the steps presented in this section is simplified when 

compared to a commercial relay.  

 

Figure 6-24: Summary of distance relay processing steps 

Voltage and current quantities were initially measured and filtered using a standard low pass 

filter with a cut-off frequency of 100 Hz to remove unwanted harmonic content from these 

signals. The magnitude and angle of the voltages and currents were then calculated using a 

Fourier transform. Once the transform had been applied a complex division allowed the values 

for R and X to be determined. 

The comparator subsystem within the distance protection relay was responsible for 

determining whether the calculated impedance resided inside or outside any zones of 

protection. Should the calculated impedance reside inside one (or more) of the operational 

zone(s) a signal was sent to the tripping logic. This logic determined whether the relay should 

trip immediately, trip with a time delay, or not trip at all. 
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Figure 6-25: Distance protection relay design software flow diagram 
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Figure 6-26: R-X detection subsystem 

 

Figure 6-27: Trip logic for standard (Z1-Z3) zones including time delay 

Note that the use of an ‘AND’ gate for the Z4 characteristic in Figure 6-28 means that the relay 

will not operate unless a Z4 fault is detected in all six comparators as discussed previously in 

Chapter 5.  

 

Figure 6-28: Zone 4 trip logic including cross-check 
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Figure 6-29: Trip output 

The relay settings were input via user interface as outlined in Figure 6-30. The relay employed 

the standard Mho characteristic for Z1, Z2 and Z3 while Z4 used a customisable quadrilateral 

characteristic. The parameters for the standard operation mode were set by using an apparent 

impedance reach value and line angle. The quadrilateral characteristic for Z4 was defined via 

four coordinate points (A(R), A(X), B(R), B(X), C(R), C(X), D(R), D(X)). Time delays for each 

operation zone could also be specified.  

 

Figure 6-30: User interface for relay setting parameters 
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6.4.2.3 Modelling 

As in previous investigations, the MVDC converter was modelled as a two-level, symmetrical 

monopole topology which employs standard P-Q, VDC-Q control during normal operation (as 

outlined earlier in Figure 5-2). When a fault occurs on the DC link, the converter transitions 

to a protective mode where the switching of devices is blocked. A pre-fault power transfer of 

25 MVA towards Convertor Station B was established for all fault scenarios. 

The test network is presented in Figure 6-31 with seven fault locations outlined (F1-F7) across 

the network along with the type of fault for F1-F4. Fault F4 was designed to test whether the 

fast-acting DC backup protection could be triggered by a symmetrical AC fault downstream 

of the 33:11 kV transformer. The remaining faults on the DC system were of pole-to-pole type 

and were applied at the terminals of both converter stations and at the midpoint of the DC link. 

All faults had a resistance of 0.1 Ω. Further network and converter modelling parameters are 

summarised in Table 6-11. 

 

Figure 6-31: Test network with faults F1-F7 
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Table 6-11: Summary of modelled parameters 

Parameter Value 

Line length A-B 7 km 

Line length B-C 10 km 

Conductor impedance 0.17 + j0.30 Ω/km 

MVDC link line length 10 km 

MVDC link voltage rating ± 27 kV 

MVDC link power rating 35 MVA 

MVDC filter impedance 10% (35 MVA base) 

MVDC Transformer voltage rating  33:33 kV 

MVDC Transformer power rating 35 MVA 

MVDC Transformer impedance 20% (35 MVA base) 

Transformer voltage rating  33:11 kV 

Transformer power rating  5 MVA 

Transformer impedance 8% (100 MVA base) 

6.4.2.4 Relay Setting Parameters 

For the network outlined in Figure 6-31 and Table 6-11, the settings for the original protection 

scheme, as described in Chapter 5, were calculated along with settings for the standard 

operating zones (i.e. Z1-Z3). The calculation of Z4 setting parameters are outlined in equations 

6-7  to 6-10. Relay setting parameters are summarised in Table 6-12. Note that transformer 

winding resistance has been assumed to be negligible. 

 𝑅𝑍4 = ∑[𝑅𝐿𝑎𝑐
, 𝑅𝑋𝑓𝑚𝑟, 𝑅𝐹 , 𝑅𝐿𝑑𝑐

] = (0.17 × 7) + 0.3 + (0.17 × 10) = 3.2 Ω 6-7 

 𝑋𝑍4 = ∑[𝑋𝐿𝑎𝑐
, 𝑋𝑋𝑓𝑚𝑟, 𝑋𝐹] = (0.3 × 7) + 6.28 + 3.14 = 11.5 Ω 6-8 

 
𝜃 = tan−1 (

𝑋𝑍4

𝑅𝑍4
) = tan−1 (

11.5

3.2
) = 74.5 ° 6-9 

 
𝑍4𝑟𝑒𝑎𝑐ℎ = 1.2 × √𝑅𝑍4

2 + 𝑋𝑍4
2 = 1.2 × √3.22 + 11. 52 = 14.3 Ω 6-10 
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Table 6-12: Settings for fast-acting backup protection scheme outlined in Chapter 5 

Parameter Setting value 

Mho angle (°) 60.5 

Z4 quadrilateral angle (°) 74.5 

Z1 reach (Ω) 1.9 

Z2 reach (Ω) 2.9 

Z3 reach (Ω) 7.0 

Z4 reach (Ω) 14.3 

Z4 resistive reach (Ω) 3.2 

Z2 delay (s) 0.300 

Z3 delay (s) 1.100 

Z4 delay (s) 0.100 

The coordinate setting points for the enhanced protection algorithm are calculated in equations 

6-11 to 6-14 for the test network using the equations outlined previously in Table 6-10. The 

final settings for the R-X coordinate based distance protection algorithm are presented in Table 

6-13. 

 𝑋𝐴 = 𝑋𝐷 =  0.8 × 𝑋𝑍4 = 0.8 × 11.5 = 9.2 Ω 6-11 

 𝑋𝐵 = 𝑋𝐶 = 1.2 × 𝑋𝑍4 = 1.2 × 11.5 = 13.8 Ω 6-12 

 𝑅𝐷 = 1.2 × 𝑅𝑍4 = 1.2 × 3.2 = 3.8 Ω 6-13 

 
𝑅𝐶 = 𝑅𝐷 +

𝑋𝐵 − 𝑋𝐴

tan(𝜃)
= 3.8 ×

13.8 − 9.2

tan(74.5 °)
= 5.1 Ω 6-14 
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Table 6-13  Settings for R-X coordinate-based protection solution  

Parameter Setting value 

Mho angle (°) 60.5 

Z1 reach (Ω) 1.9 

Z2 reach (Ω) 2.9 

Z3 reach (Ω) 7.0 

Z4 A (Ω) (0.0, 9.2) 

Z4 B (Ω) (0.0, 13.8) 

Z4 C (Ω) (5.1, 13.8) 

Z4 D (Ω) (3.8, 9.2) 

Z2 delay (s) 0.3 

Z3 delay (s) 1.1 

Z4 delay (s) 0.1 

6.4.3 Experimental Results 

The trip times and associated tripping zone for the original protection solution and the R-X 

coordinate based protection method are presented in Table 6-14 for the seven fault scenarios. 

Faults are all applied at 0.5 s of simulation time. Figure 6-32 presents the times recorded by 

the real-time simulator for fault application, fault detection and trip time for fault F6 and the 

R-X based algorithm. 

Table 6-14  Results for original and R-X tripping regions  

Fault  

scenario 

Expected 

Trip Zone 

Original Method R-X Coordinate Method 

Trip Time (s) Trip Zone Trip Time (s) Trip Zone 

F1 Z1 0.519 Z1 0.519 Z1 

F2 Z2 0.817 Z2 0.817 Z2 

F3 Z3 1.616 Z3 1.616 Z3 

F4 Z3 0.610 Z4 1.733 Z3 

F5 Z4 0.610 Z4 0.613 Z4 

F6 Z4 0.617 Z4 0.621 Z4 

F7 Z4 0.622 Z4 0.627 Z4 
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Figure 6-32: Fault inception and tripping times for fault scenario F6 

From the results presented, it is observed that the original solution issues a Z4 trip for the event 

F4. This fault lies on the edge of Z3 and should be cleared by downstream protection devices, 

or by Z3 after a delay of 1.1 s. The R-X coordinate approach, however, correctly trips the Z3 

comparator for fault F4 1.233 s after fault application. The R-X algorithm operates correctly 

for all tripping scenarios with all DC faults detected within 30 ms. During these experiments 

it has been assumed that the communication delay associated with sending signals between 

the real time simulation platform and the protection controller is negligible (i.e. <1 ms).  

The tripping area of the original method was determined, via software, to be approximately 

45.5 Ω2 while the enhanced method was 20.4 Ω2 as presented in Figure 6-33. This represents 

a reduction in the tripping area of 55%. 



174 

 

Figure 6-33: Z4 tripping area of original and R-X coordinate methods 

6.4.4 Discussion 

The R-X coordinate based setting approach has been demonstrated to detect accurately and 

respond to faults on an embedded MVDC link. The ability to implement the solution on low-

cost hardware demonstrates that an R-X coordinate based setting system could be readily 

applied to commercially available protection relays in the future at minimal computational 

overhead. 

This experiment has presented a method to increase the stability of the solution outlined in 

Chapter 5. The new method resulted in a reduction in tripping area of 55% for the test network 

when compared to the original solution.  

It may be possible to extend the resistive reach of the Z4 region to provide protection for faults 

with higher resistance. The stability of this would need to be assessed for different network 

topologies and loading levels. Additionally, depending on the interruption time of the MVDC 

converter’s CB, it may be possible to reduce the time delay for Z4. 
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6.5 Conclusions 

This chapter has presented the results from three laboratory experiments designed to de-risk 

the fast-backup protection scheme outlined in Chapter 5. 

The first experiment demonstrated that the simulated AC-side apparent impedance for DC-

side faults is representative of the response expected from a physical system.  The experiment 

used a low voltage test network where a maximum difference of 7.67% was found between 

computer simulations and the hardware test rig for the faults tested. 

The use of commercially available numerical distance protection relays was trialled in the 

second experiment where correct tripping was observed for both AC and DC faults.  

The final experiment aimed to reduce the fast-acting Z4 tripping area. The experiment 

employed a real time digital simulation platform which was used to playback a series of fault 

events. The R-X coordinate based protection algorithm was implemented on a low-cost 

computing platform (Raspberry Pi) which exchanged data with the real time simulation 

platform via a UDP network protocol.  It was determined that the tripping area could be 

reduced by 55%, when compared to the original solution, while improving stability. 

Additionally, the test setup demonstrated that the R-X approach requires minimal 

computational effort and could potentially be implemented on a commercially available 

distance protection relay with minimal changes to relay firmware and configuration software 

required.  
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Chapter 7  
— 

Conclusions and Further Work 
 

7.1 Conclusions 

To facilitate reduced emissions and to enable the realisation of “net-zero” energy systems, 

power distribution networks must be able to host increased levels of embedded generation, 

demand and storage. MVDC is a candidate technology to enhance network utilisation by 

increasing power transfer capacities (for the same levels of voltage and insulation) and 

allowing more precise control over transfers of power between network sections. While DC 

technologies are being increasingly explored and deployed across all voltage levels, it has been 

shown through a literature review that a vulnerability exists in the backup protection of 

embedded MVDC links.   

Backup protection to mitigate against DC-side faults on MVDC links is presently achieved via 

a direct transfer trip of a remote circuit breaker and therefore relies on a communications 

network rather than direct measurement of electrical parameters. Communication systems can 

introduce additional failure modes and are also often expensive to implement. Specifically, 

MVDC links are vulnerable if their protection scheme fails to detect or respond to a DC-side 

event and this could result in failure of the power electronic switching devices if not detected 

and cleared quickly enough.  

In this thesis, a novel solution to the problem has been identified and demonstrated through 

simulation using verified distance protection relay models and via laboratory demonstrations. 

It has been shown that a fast-acting protection algorithm, which employs the commonly 

unused zone 4 setting parameters, can correctly identify and react to symmetrical DC faults. 

This fast-acting backup protection method does not require communications as is the case with 

current backup methods. No hardware changes to existing measuring apparatus are required 

to implement the solution.  

Laboratory testing has confirmed that the physical response of an AC system during a DC fault 

matches the simulated response with further testing demonstrating that a commercially 

available relay could be configured to detect and respond appropriately to DC-side events. 
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The key conclusions of the works reported in this thesis are presented in the following 

subsections. 

7.1.1 Analysis of DC Fault Impedance 

Through simulation, it has been determined that symmetrical (i.e. PP and PPG) faults 

occurring on the DC-side of MVDC links present as highly inductive, in terms of the apparent 

impedance measured from the AC-side grid location. Additionally, the impedance appears 

balanced across all the individual phase to phase and phase to ground measurement elements. 

This impedance can be estimated via equations 7-1 and 7-2 outlined below. 

 𝑅𝑍4 = ∑[𝑅𝐿𝑎𝑐
, 𝑅𝑋𝑓𝑚𝑟, 𝑅𝐹 , 𝑅𝐿𝑑𝑐

] 7-1 

 𝑋𝑍4 = ∑[𝑋𝐿𝑎𝑐
, 𝑋𝑋𝑓𝑚𝑟, 𝑋𝐹]  7-2 

Note that pole-to-ground events on a symmetrical monopole arrangement present little 

observed change on the AC-system due to the grounding arrangement employed in their 

transformer and converter. The detection approach presented in these works is therefore only 

sensitive to symmetrical DC events. 

7.1.2 Fast-Acting Backup Protection Scheme 

From the analysis of the fault impedance, it has been found that the zone 4 tripping region of 

a standard numerical/digital distance protection relay could be employed, with additional fault 

detection logic, to provide suitable fast acting backup protection for an embedded MVDC link. 

A fast-acting trip should only be issued when the fault event appears across all six comparator 

measurements (i.e. AB, BC, CA, AG, BG and CG). Additional fault logic is required to 

maintain the stability of the relay under Z2 and Z3 faults as outlined in equation 7-3. 

 𝑍4𝑇𝑅𝐼𝑃 =  𝑍3. 𝑍4 7-3 

7.1.3 Hardware Verification of AC System Performance 

A hardware test setup was designed and constructed to verify physically the characteristic 

impedance determined through software modelling. This test setup employed a low voltage, 

low current system where faults could be applied at either end of the DC link with a fault 

resistance of either 0 Ω or 1 Ω. The instantaneous values of voltage and current were recorded 

for several fault scenarios. Offline analysis allowed the impedance of the events to be 

calculated and compared against software simulation results. It was found that experimental 

results aligned with software simulation with a maximum error of 7.67% recorded. Given the 
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errors associated with the measurement apparatus and component tolerances, this error margin 

is deemed to be acceptable.  

This experiment confirmed that a highly inductive impedance is to be expected on a physical 

system during a DC-side fault and therefore that the proposed protection approach is valid for 

non-fault blocking VSC converters. 

7.1.4 Commercial Relay Demonstration 

While the backup protection approach was confirmed through software simulation, which 

employed a validated model of a distance protection relay, it was also deemed important to 

demonstrate the method on a commercially available relay to show the applicability of the 

solution across different devices. 

The test setup employed an injection amplifier and distance protection relay. A series of 

experiments concluded that the relay could be appropriately configured to detect (within 

35 ms) and respond to DC-side events while remaining sensitive and stable to various AC zone 

faults. It was considered, however, that deploying a relatively large Z4 tripping area could be 

viewed as somewhat of a risk, especially with such a short tripping delay applied and that it 

may be beneficial to define the tripping region in terms of R-X coordinates. Accordingly, the 

scheme was refined as explained in the next section. 

7.1.5 R-X Setting Approach  

To reduce the large Z4 tripping area, an R-X setting approach was implemented on a low-cost 

compute platform and demonstrated in a real-time simulation environment. It was determined 

that the area of the Z4 trip region could be reduced, by 55% for the test network presented, 

while remaining stable for both conventional AC zone faults and for DC-side events. It is 

believed that this approach could be readily applied to existing distance protection relays via 

updates to the relay’s firmware and configuration software. 

7.2 Future Work 

This thesis has identified a shortcoming in existing protection practice for DC systems 

connected both at high and medium voltage. The research recommends a method for detecting 

pole-pole(-ground) faults on a DC system from AC-side measurements and an associated fast-

acting backup protection method. For such a system to be deployed as part of a protection 

solution there are a series of further research and demonstration tasks which require additional 

investigations. A summary of the initial future work packages in this area are identified in the 

following subsections.  
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7.2.1 Applicability to Other Converter Types 

The research presented in this thesis has considered the use of a two-level symmetrical 

monopole converter arrangement as it represents one of the most cost effective and simplest 

methods to introduce controlled DC into AC distribution networks. More advanced MVDC 

converter topologies are available and require further investigation with regards to the AC-

side response and measurement data that would be produced during a DC-side event. In theory, 

many converters such as the half-bridge MMC and the cascaded neutral point clamped 

converter have similar structures during fault conditions (i.e. similar to the  symmetrical 

monopole as presented previously in Figure 5-1 for a HB-MMC). Therefore, the associated 

AC-side impedance should be similar between these topologies and the two-level symmetrical 

monopole arrangement used throughout the thesis for balanced DC-side faults. This 

assumption has been made by others working in this field of research [150].  

7.2.2 Further Testing and Validation Activities 

The experiments conducted during the research have investigated the following: 

• the apparent impedance characteristics during a DC-side pole-to-pole event; 

• the deployment of a fast-acting protection solution on a commercial distance 

protection relay based on voltage and current inputs from a software simulation model; 

and 

• the development of a, user-configurable, R-X coordinate-based setting approach in a 

real-time environment. 

The backup protection system investigated in this thesis has not been trialled in a closed, power 

HiL environment. In other words, the experimental trials have not involved the physical 

breaking of current during fault conditions to protect the converter. Future work in this area 

should aim to implement fully the solution in hardware (either at laboratory scale or in a field 

trial environment). 

This may be achieved by using real-time measurements from the test platform developed 

previously in Section 6.2, passed either to the commercially available distance protection 

relay, such as in Section 6.3, or to the controller developed in Section 6.4. Trip signals from 

the protection relay should then be passed back to the physical test network to open a 

controllable circuit breaker (which may be implemented via a contactor in the laboratory 

environment) to disconnect the system in the event of a fault. An example of the proposed 

closed loop simulation is illustrated in Figure 7-1. This closed loop simulation approach should 
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also be applied to a full switching-based converter, rather than the simplified diode 

arrangement used in Section 6.2.  

 

Figure 7-1: Proposed closed loop fault experimental setup 

7.2.3 Converter Survival Time 

Additional work is required to determine the survival time of an IGBT/diode device under 

fault currents expected in medium voltage applications. It has been assumed in this thesis that 

high-power, bypass thyristors are connected across the IGBT/diode arrangement within 

converters to handle fault currents during events – as is the case in some HVDC applications. 

More research is required to understand fully the critical failure time of the IGBT/diode 

devices to ensure that the fast-acting backup protection method can interrupt fault current in a 

suitable time. A tripping delay of 100 ms has been assumed, however it may be possible to 

reduce this delay time as the distance protection relays used in this thesis are able to detect the 

DC-side fault typically within two AC cycles.  

7.2.4 Live Deployment  

With the role of DC increasing in both the transmission and distribution systems, it would be 

interesting to deploy the protection scheme presented in this thesis on a live network - even if 

the trip signals from zone 4 were to be disabled. The author has experience of working for a 

TNO where sub-synchronous oscillation relays were installed at a windfarm where the trip 

contacts of the device were not connected to a circuit breaker. This allows the stability of the 

system under normal operation to be assessed and allowed for the fine tuning of setting 

parameters before live deployment. Another similar example of this was witnessed by the 

author during the commissioning of a multi-megawatt battery storage system (deployed under 

an enhanced frequency response (EFR) contract) where the response of the system was 

verified by the TSO operator with no power transferred between the battery and the grid. 

With two innovation trials of MVDC being installed in the UK, both of which are connected 

at 33 kV with surrounding networks possibly already being protected by distance relays, there 
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is an opportunity to implement the protection approach on existing relays. This would provide 

valuable field data as to the performance of the method at low operational risk to the DNO 

should it not wish to send active trip signals to circuit breakers. 

7.2.5 HVDC Back-Up Protection 

The use of distance relays to provide backup protection for faults on an MVDC link has been 

considered in this thesis. While the approach appears to be valid for MVDC applications, the 

applicability to HVDC systems is not yet clear. In particular, the X/R ratio of transmission 

systems is generally higher than at distribution. It would therefore need to be determined if the 

standard protection zones already use the impedance region which is required for the fast-

acting backup protection method.  

It is unlikely that the approach outlined in the thesis will detect and respond quickly enough 

to be used for the protection of meshed, multi-terminal HVDC as protection times for these 

systems is an order of magnitude faster than the protection required for point-to-point 

applications.  

7.2.6 Further Network Studies 

The test networks presented in this thesis consist of small, but representative, sections of 

distribution network based on data from installed 33 kV systems. To understand the 

applicability of the solution developed during this research, faults and the protection approach 

should be investigated across a wider range of network topologies and asset impedances.  

Finally, research is required to determine if the solution may be transferable to other 

distribution voltage levels - although in the UK distance protection is generally not deployed 

at voltages lower than 33 kV due to the lines being too short to provide accurately graded 

protection. 
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Supplementary Material A 

— 

MVDC Simulation Case Studies 
 

A.1 Introduction 

This appendix presents, via a series of load flow simulations, a selection of hypothetical case 

studies where MVDC links were introduced into existing distribution networks. Using two 

33 kV network areas, the first being a rural region with high penetration of distributed 

generators and the second a large town, the introduction of controlled DC interconnectors was 

investigated with the aim of facilitating the uptake of future low-carbon demand and 

generation.  

Section A.2 introduces the modelling methodology and highlights the data sources common 

to both investigations. The first case study is presented in Section A.3 and demonstrates how 

the introduction of relatively low capacity MVDC interconnectors can allow for significant 

increases in renewable generation capacity. Section A.4 presents the second case study. In this 

example an ‘inter-GSP’ ring is formed by placing MVDC converters across NOPs to allow 

the controlled transfer of power between three GSPs. This approach allows dynamic sharing 

of capacity across the region enabling future loads, such as high-power electric vehicle 

chargers, to be introduced using existing network infrastructure and wayleaves.  

Section A.5 presents findings from the investigations while outlining some of the known 

regulatory integration challenges faced by the technology. Section A.6 summarises the 

findings of these MVDC integration case studies. 

A.2 Modelling Methodology 

The modelling conducted makes use of data extracted from the SP Energy Networks’ Long-

Term Development Statement [56]. This document, produced annually, contains circuit data 

(e.g. conductor length, rating, resistance, inductance and susceptance etc.), transformer 

specifications, GSP loading statistics, and generation data for each ‘sub-region’ of their 

network. Reading these documents in parallel allows representative network models to be 

constructed in power system modelling software. 
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To conduct the case studies DIgSILENT PowerFactory 15 was employed due to the ease of 

implementing power electronic links and the speed at which large distribution networks can 

be created and simulated. The controlled MVDC links deployed in these case studies are all 

two terminal systems, i.e. a link is made up of one sending node and one receiving node. The 

control of these links is achieved via a P-Q controller at one converter station and a VDC-Q 

control scheme at the other as is common in HVDC systems [257] [258] as per Section 5.2.2. 

If the power from the sending node was to be increased (via an increase of set-point at the P-

Q controller), the voltage of the DC system would rise due to the charging of DC capacitances. 

The receiving end (VDC-Q) controller detects the voltage increase and proportionately extracts 

more power from the link. Conversely, should the voltage of the DC link drop, the receiving 

end controller would reduce its power requirement until the DC side voltage returns to the 

system set-point. 

For all DC conversion, it was assumed that existing AC conductors would be repurposed to 

DC with the thermal rating being equal to the existing AC rating. This means that any benefits 

gained from the introduction of controllable MVDC links were purely the result of increased 

system control. It is acknowledged that there are some interesting technical discussions 

surrounding the best way to repurpose AC wayleaves to a DC system especially with regard 

to conductor allocation, converter type and insulation coordination [232] [277]. 

Each converter station had an assumed fixed loss of 1% which represented switching, 

conduction and filtering losses associated with the power electronic converters. This loss 

figure is in line with losses expected from an HVDC converter station [278] [279]. 

All modelled primary transformers (33:11 kV) were capable of on-load tap changing with 

controllers set to a target voltage of 1 p.u at the 11 kV busbar as specified in ER P2/6 [280] 

and ER P2/8 [281]. The power output of generators was specified on a case by case basis to 

determine the hosting capacity of the network with, and without, MVDC interconnection. 

Loads were modelled as fixed real and reactive (constant power) demands at a voltage of 1 p.u.  

For an acceptable solution to be found, all system voltages must be within ± 3% of their 

nominal values while conductors must not exceed their continuous thermal rating. 
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A.3 Case Study 1: Increasing Renewable Capacity 

A.3.1 Network Overview 

Figure A-1 shows the test network for the initial case study. This region has significant levels 

of distributed renewable generation connected to various nodes across the area. The network 

consists of two GSPs, namely Coylton and Kilmarnock South, with the capacity of embedded 

generation connected downstream of the Coylton GSP exceeding the firm rating of the 

transformer, the firm rating of a substation being defined as the maximum demand that can be 

supplied when considering the failure of the largest transformer [282]. The network associated 

with Kilmarnock South GSP has significantly lower levels of generation than its counterpart 

but with a greater firm capacity.  

Table A-1 outlines the ratings of the two GSPs and the amount of connected generation in 

each area. The table also highlights the amount of generation which had been allocated 

capacity by the DSO but which had not yet been connected to the system. This capacity was 

likely offered to generators under ‘non-firm’ connection agreements where the DSO may 

impose restrictions on generator output to maintain the system within operational limits [283]. 

Line lengths and winter continuous thermal ratings for the main distribution lines are presented 

in Table A-2. Thirteen primary substations are connected across the distribution network along 

with four large-scale windfarms. Parameters for these sites, including minimum and maximum 

demand and power ratings, are presented in Table A-3. 

.  
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Figure A-1: Network topology for case study 1 
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Table A-1: Distributed generation connected and contracted to connect for associated GSP 

[42] 

GSP 

Firm  

Capacity 

(MVA) 

Connected 

(MW) 

Contracted 

(MW) 

Net  

Increase (MW) 

Coylton 60 72.35 91.60 19.25 

Kilmarnock South 120 16.10 30.40 14.3 

 

Table A-2: Winter continuous thermal rating and circuit length for conductors [42] 

Line Rating (MVA) Length (km) 

❶ 20.86 8.01 

❷ 38.81 8.48 

❸ 41.2 0.01 

❹ 38.81 6.29 

❺ 29.43 13.68  

❻ 20.86 0.025 

❼ 20.86 6.25 

❽ 24.63 12.56 

❾ 20.86 0.21 
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Table A-3: Substation name, firm capacity, min/max loading and power factor for test 

network [56] [42] 

ID Name 

Firm  

Capacity 

(MVA) 

Maximum  

Apparent  

Power 

(MVA) 

Minimum 

Apparent 

Power 

(MVA) 

Power 

Factor 

GSP A Coylton 60 43.49 10.87 – 

GSP B Kilmarnock South 120 33.47 8.37 – 

① Lethanhill 10 4.08 1.02 0.98 

② Killoch 2 12.6 3.15 0.68 

③ Cronberry 5 2.32 0.88 0.96 

④ Cumnock 24 9.55 2.39 0.93 

⑤* Harehill WF 13 – – – 

⑥ New Cumnock 5 2.78 2.39 0.76 

⑦* Harehill WF (ext) 33 – – – 

⑧ Fauldhead 10 4.74 1.19 0.99 

⑨* Gallowrig WF 21.6 – – – 

⑩ Drumley 10 6.7 1.67 1 

⑪ Mauchline 10 5.7 1.44 0.99 

⑫ Darvel 10 1.9 0.47 1 

⑬ Newmilns 24 5.86 1.46 0.99 

⑭* Bankend Rig WF 14.3 – – – 

⑮ Riverside 40 4.54 1.14 1 

⑯ Monkton 21 13.35 3.34 0.99 

⑰ Kilmarnock 24 15.14 3.79 0.99 

* Denotes a generation node 
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A.3.2 Benchmark Studies 

Initial load flows were conducted on the network section for minimum and maximum demand 

scenarios with all generators producing at 100% for both cases. 33 kV busbar voltages were 

all regulated to a voltage tolerance of ± 3% of nominal as required.  The percentage line loading 

for the lines under the two initial case studies are presented in Table A-4.  

Table A-4: Key line loading for base network under maximum and minimum load 

Line 
Rating  

(MVA) 

Loading (%) 

Max Demand Min Demand 

❶ 20.86 42.2 37.2 

❷ 38.81 60.3 60.3 

❸ 41.2 25.7 26.6 

❹ 38.81 70.4 82.9 

❺ 29.43 131.9 142.7 

❻ 20.86 75.8 91.8 

❼ 20.86 59.2 47.4 

❽ 24.63 8 1.9 

❾ 20.86 40.4 59.3 

Line ❺ is the only recorded overload on the system and operates at 131.9% loading under the 

maximum demand conditions. This figure rises to 142.7% when network demands are at their 

minimum due to the power produced by distributed generation not being absorbed locally. The 

overload is partly due to the comparatively low impedance of this line when compared to 

neighbouring paths. Furthermore, lines ❹ and ❻ are also approaching their thermal limit 

under the minimum demand scenario. 

While existing non-firm contractual mechanisms would manage the identified line overload, 

if curtailment becomes too great and occurs too frequently, then any prospective generators 

wishing to connect may deem the situation unworthy of investment. There is a case to be made 

that power flows must be managed more actively at distribution level to allow renewable and 

carbon targets to be met. 

A.3.2.1  Introduction of MVDC Links 

In looking for a solution to the overload of line ❺, the line was converted to a symmetric 

monopole MVDC link operating at ± 27 kV similar to the Angle-DC MVDC implementation 
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[185].  The motivation behind this conversion was to limit the power passing through line ❺ 

to its rated capacity. Line parameters were otherwise unchanged.  

Simulations were conducted for both minimum and maximum demand scenarios with results 

presented in Table A-5. With the embedded DC link exporting 25 MW towards Coylton GSP, 

lines now remain within rated thermal capacity while voltages are within tolerance for the 

maximum demand scenario. However, at minimum demand, line ❷ records a 39.3% 

overload, essentially transferring the burden from line ❺ to line ❷.  

Table A-5: Introduction of an MVDC link 

Line 
Rating 

(MVA) 

Loading (%) 

Base case MVDC Line 5 

Max 

Demand 

Min 

Demand 

Max  

Demand 

Min 

Demand 

❶ 20.86 42.2 37.2 24.1 20.3 

❷ 38.81 60.3 60.3 91.6 139.3 

❸ 41.2 25.7 26.6 53.3 98.2 

❹ 38.81 70.4 82.9 34.8 55.0 

❺ 29.43 131.9 142.7 84.3 99 

❻ 20.86 75.8 91.8 22.6 42.2 

❼ 20.86 59.2 47.4 54.9 36.3 

❽ 24.63 8 1.9 8.2 1.9 

❾ 20.86 40.4 59.3 40.4 59.3 

A back-to-back converter rated at 20.8 MW was connected across the 33 kV normally open 

bus coupler, often referred to as a soft normally open point (SNOP) or a soft open point (SOP) 

[284], at bus ⑬ (Figure A-2) to alleviate the minimum load, maximum generation congestion 

identified on line ❷. Two load flow calculations were conducted for both maximum and 

minimum demand with embedded link transferring 25 MW towards Coylton in both cases and 

the SNOP transferring 11 MW into the Kilmarnock South region for maximum system loading 

and 9 MW under minimum loading. The introduction of the SNOP combined with the 

embedded MVDC link allow all distributed resource to connect under minimum and maximum 

demand while operating within continuous line ratings and voltage limits. The conductor 

percentage loading figures for these studies are presented in Table A-6.  
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Figure A-2: 33kV SNOP connecting Coylton GSP to Kilmarnock South GSP 

Table A-6:  Loading results after the introduction of MVDC and SNOP 

Line 
Rating 

(MVA) 

Loading (%) 

Base case MVDC Line ❺ 
MVDC SNOP &  

MVDC Line ❺ 

Max 

Demand 

Min 

Demand 

Max 

Demand 

Min 

Demand 

Max 

Demand 

Min 

Demand 

❶ 20.86 42.2 37.2 24.1 20.3 37.5 21.5 

❷ 38.81 60.3 60.3 91.6 139.3 91.6 92.4 

❸ 41.2 25.7 26.6 53.3 98.2 53.3 54.4 

❹ 38.81 70.4 82.9 34.8 55.0 17.3 29 

❺ 29.43 131.9 142.7 84.3 99 84.3 84.3 

❻ 20.86 75.8 91.8 22.6 42.2 22.6 22.4 

❼ 20.86 59.2 47.4 54.9 36.3 89.7 66.4 

❽ 24.63 8 1.9 8.2 1.9 64.4 44.2 

❾ 20.86 40.4 59.3 40.4 59.3 88.0 97.7 

 

A.3.3  Facilitating an Increase in Renewable Generation 

Analysis was carried out to investigate if the network could accommodate the additional 

generation seeking to connect (as described in Table A-1). A 20 MVA generator was 

connected at the junction between lines ❹, ❺ and ❼ with a 15 MVA generator connected 

to the primary side of busbar ⑪. Load flow studies were carried out for the system with and 

without the MVDC links, outlined previously, for the minimum demand scenario. Line 

loadings for these studies are presented in Table A-7. 
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Table A-7: Results: line loading of base network and enhanced DC network under minimum 

system load 

Line 
Rating  

(MVA) 

Loading (%) 

Minimum demand 

Base  MVDC Link and SNOP 

❶ 20.86 53.7 44.6 

❷ 38.81 64.6 92.4 

❸ 41.2 30.3 54.4 

❹ 38.81 118.3 95.6 

❺ 29.43 137.5 84.3 

❻ 20.86 83 22.4 

❼ 20.86 65.9 32.6 

❽ 24.63 1.9 41.1 

❾ 20.86 124.2 81.4 

While some lines are approaching their continuous thermal rating, the introduction of 

controlled MVDC links allowed the connection of 122 MVA of distributed generation on a 

network which could not support the presently installed 88.5 MVA. This represents a capacity 

release of more than 33.5 MVA without installing or uprating any conductors on the system. 

A.3.4 Result Discussion 

From this initial case study, the introduction of MVDC has improved the hosting capacity of 

the network by introducing power flow control into the network. This study was purely a load 

flow investigation and did not consider network security and redundancy metrics. This aside, 

the introduction of controllable MVDC appears to be a promising technology to increase the 

levels of renewable energy using existing AC conductors. 
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A.4  Case Study 2: Increasing Network Utilisation 

A.4.1  Network Overview 

Figure A-3 presents the single line diagram for the second case study. This network consists 

of eleven primary substations distributed across the region with ratings of between 21 MVA 

and 24 MVA. All lines had a winter maximum continuous rating of 20.86 MVA other than 

line ❾ at 36.9 MVA. The network, based on real data, represents a suburban distribution 

network found in central/southern Scotland.  

Table A-8 outlines the operating properties for the three GSPs in the region. A summary of 

the ratings and type of generators connected to the network can be found in Table A-9. 

 

Figure A-3: Simplified distribution network comprising of three GSP all of which are 

interconnected via normally open points. 
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Table A-8: GSP properties 

 Electrical Properties 

ID 

Maximum  

Continuous Firm  

Rating (MVA) 

Connected 

DG 

(MVA) 

Mean GSP 

Loading 

(2016) 

(MVA) 

A 120 0.5 34.2 

B 120 12.3 23.6 

C 120 110.3 -21.8 a 

a. Negative values indicate an exporting node 

Table A-9: Power rating of DG 

ID 
DG Rating  

(MVA) 
Type 

① 12.3 Onshore Wind 

② 26 Onshore Wind 

③ 30 Onshore Wind 

④ 11.5 Onshore Wind 

⑤ 39 Onshore Wind 

⑥ 0.5 Run of River Hydro 

⑦ 2 Waste Incineration 

⑧ 4.2 Waste Incineration 

 

Lines ❸, ❹, ❼, ❽ and ❾ all represent normally open assets which provide N-1 security 

by interconnecting the three grid supply points within the network area. Conductors ❼/❽ 

and ❸/❹ form double circuit overhead routes while line ❾ is a single circuit. As alluded to 

previously, these lines exist predominantly for fault restoration and maintenance purposes. 

Were these assets to be connected to the network, by closing of the NOPs, under normal 

operation, it is likely that the fault level would be greater than the designed limit of 1,000 MVA 

[15]. During normal operation these assets essentially sit idle and may be considered 

financially as ‘part-stranded’. (It is worth re-iterating that these assets are required by DNOs 

to meet network security standards set by the regulator and as part of their operating licence). 

In this investigation it was proposed that these non-load carrying assets be used to form an 

inter-GSP balancing network across the region using MVDC technologies. 
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A.4.2 Benchmark Studies 

Using load and generation data for the distribution network, five deterministic benchmark 

studies (a-e), listed subsequently, were modelled to understand the network behaviour prior to 

introducing MVDC links into the system.  

a) Maximum demand and maximum generation. 

b) Minimum demand and maximum generation. 

c) Minimum demand and minimum generation. 

d) Maximum demand and minimum generation. 

e) Maximum demand (2040) and minimum generation. 

Maximum generation scenarios assumed that all generators were producing at full power 

output resulting in 125.5 MVA of generation connected across the network. For minimum 

generation it was assumed all units were at zero output. Line and GSP loading percentages for 

the outlined scenarios are presented in Table A-10. The 2040 demand level for scenario e was 

in line with the 20% demand increase prediction made by the system operator, National Grid 

[285]. 

Table A-10: Network loading by scenario (negative indicates an exporting GSP) 

Asset 

Scenario 

Percentage Asset Loading (%) 

a b c d e 

A 54.9 13.2 13.7 55.4 66.9 

B 35.2 1.0 10.5 44.8 55.3 

C -83.0 a -93.0 3.3 13.8 16.7 

❶/❷ 39.1 8.1 9.3 40.7 50.7 

❸/❹ – – – – – 

❺/❻ 17.6 4.3 4.3 17.6 21.3 

❼/❽ – – – – – 

❾ – – – – – 

a. Negative values indicate an exporting node 

While GSP A and B are lightly to moderately loaded for all scenarios, GSP C has a wide range 

of operation points from nearly full export to low levels of import depending upon the state of 

the embedded wind generation.  
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Using the existing normally open interconnection, the following section examines the 

possibility of increasing network capacity by repurposing the ‘part-stranded’ assets, identified 

earlier, to controlled MVDC links. The key benefit of this approach being that power can be 

dynamically balanced across the three GSPs without increasing system wide fault level.  

A.4.3 Interconnection of GSPs via MVDC 

Through conversion of the lines as outlined in Figure A-4, three MVDC symmetrical 

monopole links operating at ± 27 kV were inserted into the model to create an inter-GSP 

‘balancing’ network. (Note that generation and primary substations were removed from the 

diagram for clarity purposes but remained connected for network studies). Switching losses 

were assumed to be fixed at 1% of converter load. 

 

Figure A-4 - Network showing MVDC interconnection between GSPs. 

As with the studies presented in Section A.3, the conductor ratings of DC assets were not 

increased – therefore, any benefit experienced by introducing controlled power electronic links 

was a result of increased network control. Note that because circuits ❸/❹ and ❼/❽ were 

double circuit overhead lines, the circuit ratings were combined when modelling to form a 

circuit with twice the capacity of the continuous AC winter rating (i.e. 

2 × 20.86 MVA = 41.72 MVA). 

Load flow studies for the following scenarios (f-i) were performed with the three MVDC links 

installed on the network. Results from the studies are displayed in Table A-11. 
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f) Minimum demand and maximum generation with GSP export to be balanced across 

the region. i.e. each GSP aims to export the same power. 

g) Maximum demand and 99 MVA increase in renewable generation at GSP C such that 

the MVDC converters are at full export and that GSP C has reached its firm capacity. 

h) Minimum demand and increased renewables generation (of 87 MVA) at GSP C such 

that the MVDC converters are at full export and that GSP C has reached its firm 

capacity. 

i) A 40 MW point load, interfaced with an inverter, placed midway along the DC link 

❸/❹ fed equally from GSP A and C under minimum demand and maximum 

generation conditions. 

j) Same scenario as i but with an additional 40 MW point load situated mid-way on DC 

link ❾. 

Table A-11: MVDC Balancing Network Studies 

Asset 

Scenario 

Percentage Asset Loading (%) 

f g h i j 

A -25.2 22.3 10.4 30.2 30.1 

B -25.4 8.5 -29.7 1.0 17.4 

C -27.5 -100 -100 -71.8 -55.2 

❶/❷ 89.4 64.1 89.4 56.9 56.9 

❸/❹ 100.0 100.0 100.0 50.0 50.4 

❺/❻ 16.4 17.6 4.3 4.3 4.3 

❼/❽ 21.1 0.0 0.0 0.0 0.0 

❾ 100.0 100.0 100.0 0.0 54.4 

A.4.4  Result Analysis 

Study f demonstrates that MVDC interconnection allows dynamic sharing between GSPs to 

minimise export from the distribution network to the transmission system. This could be used 

to manage a planned or forced transmission system outage for example.  

Studies g and h show that the creation of additional export capacity at GSP C via the controlled 

interconnection between GSPs A and C, to allow for further DG to be connected to the system. 

While keeping within the firm capacity of GSP C, under maximum generation and minimum 

demand scenarios, an additional 87 MW could connect to the system. Studies i and j 
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demonstrate that large point loads, such as large-scale EV charging hubs, could connect to the 

network and could be dynamically supplied from multiple GSPs.  

Power flow analysis has quantified that inter-GSP MVDC allows for increased penetration of 

distributed generation – for the network studied an additional 99 MW of DG could connect 

during maximum demand periods and 87 MW under minimum demand. The use of existing 

‘part-stranded’ assets, used for redundancy purposes, represents a promising solution to 

deliver additional network capacity using existing conductor wayleaves.  

A.5 Discussion of Findings 

The aim of the simulations presented in this appendix chapter has been to support the 

maximum amount of distributed generation on the network without operating network assets 

beyond their operational limits while avoiding curtailing generation. Security of supply 

requirements have not been considered within the modelling of the networks. 

Using controlled MVDC links, the future DSO will have the ability to load a distribution 

network more dynamically to allow significant increases in power flows whilst not exceeding 

the firm capacity of grid supply point transformers. While conventional interconnection may 

offer some benefits, the lack of controllability of such largely passive grids means that the 

power flows are dictated by the ‘impedance map’ of the network. 

While MVDC still has several technical and commercial barriers to becoming a ‘business as 

usual’ approach to network reinforcement, this appendix chapter has demonstrated the 

potential of the technology for unlocking latent capacity without adding ‘more copper’ to the 

network.  

For simulation purposes it was assumed that line ratings remained the same under a DC 

conversion. In three-wire schemes the direct conversion to a two-wire DC yields a similar 

theoretical maximum power rating as AC. When converting a three-wire AC system into a 

two-wire DC system, a conductor is effectively left unused. The question remains open as to 

whether this third conductor could be more optimally used such as in the three-wire bipolar 

topology proposed in [286].  

In Case Study 2, if the three MVDC links were introduced to the test network, the direct 

translation of costs would be £7.6 million for each of the double circuit lines and £7 million 

for the single circuit based upon the Angle-DC implementation cost. While it is appreciated 

that this is a rudimentary calculation, a £22 million investment is clearly a significant expense 

for a DSO.  
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Existing grid infrastructure is generally financially discounted over an operational time of 

many decades (30 to 40 years being commonplace). With power electronic machine drives, 

which often form the building blocks of MVDC systems, perhaps having a manufacturer 

warranty of five years, there is a challenge for DSOs and the system regulator, should MVDC 

solutions become more prevalent, in setting a commercially and technically appropriate target 

discount period. Modularity in design and confidence in the futureproofing of MVDC 

deployments is therefore critical to take MVDC from an innovation level to business as usual. 

The simulations presented in this appendix chapter do not represent an optimal network 

solution but merely demonstrate the advantages of introducing controlled interconnection. 

Several other options exist which could take advantage of ‘part-stranded’ assets which 

interconnect GSPs. This approach may allow network operators to more quickly increase 

network capacity while avoiding the challenges of conventional AC reinforcements as outlined 

in Chapter 1. The electricity regulator in the UK has funded DNO investigations in the use of 

fault current limiters [25], distribution quadrature boosters [26] as well as the ‘soft normally 

open point’ [27] (a back-to-back converter topology) in the hope that latent capacity can be 

released on distribution networks at least cost to the consumer. 

A.6 Conclusion 

Existing distribution networks are under pressure due to increased embedded generation and 

demand patterns that are changing, and will be increasing, due to the electrification of transport 

and heating. The two case studies presented, based on network sections operated by the DNO 

SP Energy Networks, highlight the congestion that is now typical in rural and urban 

distribution networks in Scotland.  

Power flow analysis using DIgSILENT PowerFactory 15 has demonstrated that assets may be 

operating outside of their thermal and/or voltage limits in places yet are underutilised 

elsewhere. This suggests that increased control of power flows is required - something that is 

challenging using conventional passive AC solutions.  

The case studies presented have focussed on operating assets within thermal and voltage limits 

– and in that context, results are encouraging.  Power quality and security factors have not 

been addressed and neither have the relative costs compared to conventional AC 

reinforcement.  

These studies have set out the case for interconnection and consider the benefits of actively 

manging line loading and power flows.  Design of present-day distribution networks and the 
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challenges faced by DNOs (and by DSOs in the future) in managing the increase of load and 

generation upon their system have been presented.  

If power flows could be managed more effectively there is an opportunity to exploit existing 

infrastructure more fully, rather than constraining valuable renewable resource, without 

adversely affecting fault level as would be the case with traditional topologies.  
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