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Abstract 

 

Abstract 

A Soft Open Point (SOP) is a power electronic device, usually implemented 
using back-to-back voltage source converters (VSCs) installed at normally-open points 
(NOP) of a distribution network. SOPs are typically utilised to enhance distribution 
network operation, under normal network conditions. Their applications include power 
loss reduction, feeder load balancing, network reinforcement, voltage profile 
improvement and distributed generation (DG) connection support. This thesis 
investigates the operating principle and applications of a back-to-back VSC based SOP 
under faulted network conditions. 

The dynamics of a network with SOP were observed during normal and faulted 
network conditions. The conventional fault analysis technique using symmetrical 
components was extended to include SOP, such that it can be applied on distribution 
networks with SOP. Equivalent sequence networks were developed for different type of 
faults, including phase-to-ground faults, phase-to-phase faults and three-phase faults. 
The correlation between the symmetrical components (of voltages and currents) at the 
SOP grid connection point and the SOP set points were studied. A simple but effective 
method of fault detection during grid-connected operation was formulated using the 
sequence voltages at the grid connection point of the SOP. 

The impact of the SOP dynamics on a conventional distributed feeder 
automation (D-FA) scheme was investigated. It was found that the current contributed 
from the SOP during a fault could potentially disturb the protection coordination of the 
network. Consequently, the sequence of events in a feeder automation scheme is 
disrupted if the SOP is kept operational beyond the fault ride-through period. A new 
operating mode was defined to operate the SOP during network faults such that it can 
be co-ordinated with network protection. Based on the local measurements at SOP grid 
connection point, methods to determine the presence of a fault, fault type and location 
of a fault were investigated. A D-FA scheme was proposed, in which the fault diagnostic 
capability of an SOP was utilised to coordinate the feeder automation sequence. 
Substantial improvements were achieved in both the restoration time and life of existing 
switchgear by using SOPs for feeder automation. 

 The fault diagnostic capability of an SOP was validated using a power 
hardware-in-the-loop (PHIL) experimental setup. A VSC prototype with a constant DC 
voltage source was used to emulate an SOP. The prototype was integrated with a 
distribution network modelled in the real-time digital simulator (RTDS), through a power 
interface. Individual protection features of the SOP including fault detection, fault type 
identification and estimation of fault location were validated using this experimental 
setup. The results obtained using the real-time PHIL experiment were consistent with 
the results obtained using software simulations. 
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Chapter 1 Introduction 

1.1 Renewable Generation and Electricity Demand Growth 

Over the past two decades, greenhouse gas (GHG) (carbon dioxide (CO2), 

methane (CH4), nitrous oxide (N2O)) emissions and their impact on the climate have 

been one of the key drivers of changes in the energy paradigm [1]. Worldwide efforts 

have been made to reduce the GHG emissions. Two hundred countries, including the 

UK gathered at Kyoto in 1997 to discuss the possible solution to the challenge. The 

“Kyoto Protocol”  was signed in 1997 and later amended in 2012 [2]. Each of the signing 

member committed to cutting down their GHG emissions to at least 5% below the 1990 

level during the commitment period of 2008-2012, and then updated the targets for the 

2013-2020 period [3]. The “Renewable Energy Directive", applicable for the European 

Union (EU) member countries, was ratified in 2009. It targeted a 20% reduction of GHG 

emissions by 2020 compared with the 1990 level and further by 80-95% reduction 

compared to 1990 by the end of 2050 [4]. 

A number of measures were taken by the UK government to achieve the targets 

set by these regulatory schemes. The UK targeted an overall increase in the amount of 

energy generated from renewable sources from 2% to 15% by 2020. The UK renewable 

energy strategy proposed the following renewable energy targets in each energy 

consumption sector [5] :  

 more than 30% of electricity generated from renewables - A substantial 

increase in the use of small-scale electricity power generation connected to 

distribution networks; 

 12% of heat generated from renewables;  

 10% transport energy from renewables.  

As a result, there has been a significant increase in the use of renewable energy, 

‘clean’ generation technologies and a considerable reduction in the use of fossil fuels 

(e.g. coal, diesel and petrol). There is a push for change towards large-scale integration 

of electrified transport (e.g., electric vehicles and rail electrification) and decarbonised 

domestic heating (e.g., electric heating pumps) which will lead to an increase in the 

electricity demand. In addition, the continuous growth of population will further increase 

the global energy (particularly electricity) demand. Taking these factors into 

consideration, it is projected that the electricity demand in the UK could double by the 

year 2050 [6]. This will require significant changes in electric power technologies in order 
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to maintain sustainable, secure and affordable supply of energy. The development of the 

“smart grid” concept is emerging as one of the effective solutions to ensure optimal 

utilisation of existing infrastructure and address future challenges. 

1.2 Emergence of smart grid 

A smart grid is an intelligent electricity network that is designed and operated to 

efficiently deliver sustainable, economic and secure electricity supplies. There are many 

definitions of smart grid in the literature. The European Technology Platform for Smart 

Grids has published a definition of a smart grid as [7]–[9] 

“...an electricity network that can intelligently integrate the actions of all users 

connected to it – generators, consumers and those that do both – in order to efficiently 

deliver sustainable, economic and secure electricity supplies. A smart grid employs 

innovative products and services together with intelligent monitoring, control, 

communication and self-healing technologies to: 

 Better facilitate the connection and operation of generators of all sizes 

and technologies 

 Allow electricity consumers to play a part in optimising the operation of 

the system. 

 Provide consumers with greater information and choice of supply. 

 Significantly reduce the environmental impact of the total electricity supply 

system. 

 Maintain or even improve the existing high levels of system reliability, 

quality and security of supply; 

 Maintain and improve the existing services efficiently; and 

 Foster market integration towards a European integrated market.” 

The “Smart Grid Vision” published by the UK’s Electricity Networks Strategy 

Group (ENSG) outlines the challenges that need to be addressed over the next several 

years to achieve a smart grid in the UK [10]. The role of distribution networks is believed 

to be crucial to meet the carbon reduction targets and for wider deployment of smart grid 

technologies. 

Figure 1.1 illustrates the hierarchical building blocks of a smart grid in distribution 

networks. Power networks (circuit topology), information technology (IT) and 

telecommunication infrastructure blocks constitute its foundation layer. The fundamental 
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applications form the next layer that includes smart meters, data management systems, 

distribution management systems, substation automation and distribution automation. 

There are a number of smart grid enabled applications including home areas networks, 

electric vehicles, energy storage, distributed generation, demand side response and 

microgrids. The colour gradient indicates the consumer-utility orientation of the 

applications, with decreasing consumer involvement from the left to the right of the figure. 

This thesis will focus on the power networks (foundation layer) and build smart grid 

capabilities with vertical integration of the upper-layer applications. 

 

Figure 1.1 Hierarchical building blocks of smart grid; reproduced from [11] 

 

Considerable investments are being made in smart grid research at the 

distribution level, through a range of initiatives by the Office of Gas and Electricity 

Markets (OFGEM). OFGEM established the Low Carbon Network Fund (LCNF) and its 

successor, the electricity Network Innovation Competition (NIC). OFGEM runs an annual 

competition for allocation of up to £64 million to help fund a small number of flagship 

projects [12], [13]. Through the LCNF and NIC projects, the distribution network 

operators (DNOs) are exploring new fundamental and enabled smart grid applications 

that can simultaneously solve more than one technical issue on distribution networks. 

Various smart grid projects undertaken through the LCNF and NIC projects are described 

in [14], [15]. 
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1.3 Research motivation  

De-carbonization of energy systems could have a profound impact on the nature 

and pattern of demand on the future distribution networks. DNOs are faced with a 

number of challenges due to increasing uptake of low carbon initiatives at the distribution 

level. In addition to growing electricity demand and need for network reinforcement, 

problems such as increase of fault level, harmonics, voltage flickers, violation of voltage 

and thermal limits are introduced in the network. Significant changes are needed in 

electricity distribution technologies in order to maintain sustainable, secure and 

affordable supply of electricity. Therefore, distribution networks have a great opportunity 

for smart interventions. 

The Soft Open Point (SOP) is one of the smart grid applications of interest to 

distribution engineers [16]. An SOP is a power electronic device, installed at normally-

open points (NOP) or normally-closed points and is most commonly modelled using a 

back-to-back voltage source converters (VSCs) topology. Other topologies of SOP are 

discussed in Section 2.3.2. 

SOPs are emerging as a viable solution to address the existing and future 

challenges of distribution networks. They are predominantly utilised to enhance 

distribution network operation, under normal network conditions; including power loss 

reductions, feeder load balancing, network reinforcement, voltage profile improvement 

and DG connection support. A number of LCNF and NIC projects are currently exploring 

the deployment of SOPs for these benefits (details of the projects and studies can be 

found in Section 2.4.). The operation of SOPs under normal network conditions is 

presently at a technology readiness level of 6 (TRL-6) [17], on a scale from 1 to 9, with 

9 being the most mature technology. TRLs are used by European Commission and UK 

to estimate the maturity of a technology [15]. This thesis is motivated to investigate the 

following points regarding the use of SOPs for distribution network operation. 

1) Performance of a network with SOP under AC network faults 

An SOP is a multi-functional power electronic device, and hence its deployment 

in a network helps realise all the aforementioned functionalities. However, previous 

studies in the literature mainly focused on the optimal use of SOPs under normal 

operating conditions and post-fault conditions of the network (details of these studies can 

be found in Section 2.4.). Therefore, the operating principle of an SOP under faulted 

network conditions needs to be investigated. Majority of the work on behaviour of VSC 

based devices during AC faults was focused on transient studies. There is a clear need 
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to investigate the dynamic behaviour of a network with an SOP during network faults. A 

method needs to be developed to carry out holistic system studies incorporating an SOP 

in the network, particularly during faulted conditions. 

2) Co-ordination between feeder automation and SOP  

Power distribution at 11/6.6 kV level is through open ring circuits feeding from 

primary substations to normal open points (NOP) that provide interconnection with 

adjacent feeders. These feeders are usually operated in a radial configuration under 

normal un-faulted network conditions. Network operators often use feeder automation 

(FA) schemes to improve the reliability of their networks (the detailed discussion is in 

Section 2.3). FA schemes ensure that a distribution network follows predetermined steps 

to automatically isolate the faulted section [18]. In case of permanent faults, power is re-

routed to unaffected feeder sections through the healthy feeder by closing the NOP. The 

desired sequence of events in a FA scheme is achieved through proper coordination of 

all the associated devices. The impact of installing an SOP on such feeders with existing 

FA schemes and their interactions with the sequence of events have not been fully 

explored. In the conventional operating philosophy, an SOP is not co-ordinated with FA 

schemes and remains disconnected until the network is restored. SOP has a potential to 

significantly improve fault response of a network because of its capability of fast 

response and flexible control. However, there have been no attempts to investigate the 

possible enhancements in network performance during a fault, due to the presence of 

an SOP. 

3) Hardware-in-the loop testing 

Typically, the objective of performing software simulation is to obtain results as 

fast as possible. Depending upon the available computational power, the execution time 

for individual calculation could differ from the real-world time. Therefore software 

simulations, particularly relating to protection studies are not always sufficient to validate 

a technology. Furthermore, there is a need to perform laboratory-based prototype testing 

in order to develop the technology to a higher technology readiness level.  
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1.4 Major contributions of this thesis 

The major contributions of this thesis are described below. 

1) Conventional fault analysis technique was extended for distribution networks 

with SOP 

The performance of a medium voltage distribution network with SOP was 

investigated during grid-side AC faults. Use of symmetrical components of voltage and 

currents was extended to include the SOP such that the conventional fault analysis 

technique can be used on distribution networks with SOPs. Equivalent sequence 

networks were developed for networks with an SOP during short circuit faults (including 

phase-ground, phase-phase and three phase faults). Dependence of the sequence 

voltages and currents on SOP set points was also investigated. 

A method was developed to detect AC faults in a grid supplied distribution 

network with an SOP. A Fault-Index (FI) was defined using the sequence voltages at the 

grid connection point of the SOP, without using any additional devices. The effectiveness 

of FI to detect faults on distribution networks was verified using software simulations. 

2) A feeder automation scheme was developed in which the SOP was used to co-

ordinate the sequence of events. 

The impact of using an SOP on the conventional distributed feeder automation 

(D-FA) scheme was investigated. A diagnostic mode was developed to operate the SOP 

during grid-side AC faults such that it can be used for fault diagnostics of the connected 

network. Local voltage and current measurements at the grid connection point of the 

SOP were used to detect AC faults, estimate fault type and locate a fault in radial 

distribution networks. 

A D-FA scheme was developed that includes the SOP. The diagnostic mode 

operation of the SOP was used to coordinate the sequence of FA events after a fault. 

This scheme incorporates the diagnostic mode operation with the existing operating 

modes of the SOP to improve the performance of the network during a fault. The benefits 

of incorporating the SOP into D-FA was compared to conventional feeder automation 

schemes using reclosers.  
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3)  The diagnostic capability of the SOP was validated using hardware-in-the-loop 

experiments. 

The behaviour of a network with an SOP was tested using real-time hardware-in-

the-loop (HIL) experiments. Power hardware-in-the-loop (PHIL) experiments were 

carried out using a VSC prototype and a distribution network modelled in a real-time 

digital simulator (RTDS), both connected through a power interface. The diagnostic 

mode operation and its individual protection features (including fault detection, fault type 

identification and estimation of fault location) were validated using this experimental 

setup. Experimental results were compared to the software simulation results to validate 

the diagnostic capability of SOP. 

 

1.5 List of publication 
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1. Aithal, Avinash, Gen Li, Jianzhong Wu, and James Yu. "Performance of an 

Electrical Distribution Network with Soft Open Point during a Grid-Side AC 

Fault." Applied Energy (2017). 

2. Aithal, Avinash, Chao Long, Wanyu Cao, Jianzhong Wu, and Carlos E. 

Ugalde-Loo. "Impact of Soft Open Point on Feeder Automation." In Energy 

Conference (ENERGYCON), 2016 IEEE International, pp. 1-6. IEEE, 2016. 

3. Aithal, Avinash, Gen Li, and Jianzhong Wu. "Grid Side Unbalanced Fault 

Detection using Soft Open Point in an Electrical Distribution 

Network." Energy Procedia 105 (2017): 2859-2864. 

4. Aithal, Avinash and Jianzhong Wu. “Operation and Performance of a 

Medium Voltage DC link” CIRED-Open Access Proceedings Journal 2017, 

no. 1 (2017): 1355-1358. 

5. Aithal, Avinash, Wenlong Ming, Jianzhong Wu and Lee Thomas “Fault 

Diagnostics in Medium Voltage Distribution Networks using a Soft Open 

Point” (submitted to IEEE Transactions on Smart Grid; under peer review 

process). 
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1.6 Outline of the thesis 

Distribution network

Feeder Automation

Soft Open Point

Fault analysis Fault Index

Impact of using SOP on 
Feeder Automation

Fault Diagnostics using 
SOP

New FA scheme using 
SOP 

Experimental setup and 
validation

Chapter-2 Chapter-3

Chapter-4

Chapter-5

 

Figure 1.2 Outline of the thesis 

Figure 1.2 illustrates the research described in this thesis, grouped into 

respective chapters. 

Chapter 2 describes typical distribution networks in the UK. An overview of the 

different switching devices used in the networks are discussed. The role of feeder 

automation in restoring power during a fault is presented. This chapter also provides a 

concise introduction to the SOP, its types and benefits. An up-to-date literature review of 

existing research about SOP in distribution network is summarised. 

Chapter 3 describes the performance of a medium voltage distribution network 

with a connected SOP, under grid-side AC faults. Use of sequence networks is extended 

to include the SOP such that the conventional fault analysis technique can be used on a 

distribution network with an SOP. Offline software simulations are carried out on a 

generic distribution network with connected SOP to study the equivalent sequence 

networks. 

In Chapter 4, the impact of using SOP on an existing D-FA scheme is 

investigated. The drawbacks of conventional FA schemes are discussed.  A method was 

developed to diagnose AC faults on radial medium voltage distribution networks using 

SOPs. A new feeder automation scheme is described using an SOP to carry out the fault 

diagnostics on the connected network.  

An experimental setup used to validate the diagnostic capability of an SOP is 

described in Chapter 5. The experimental results obtained using a VSC prototype and 

a distribution network model in RTDS were compared with the software simulation results 

obtained in Chapter 3. 

Chapter 6 presents the conclusions drawn, main findings and recommendations 

for future work. 
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Chapter 2 State of the Art and Literature Review 

2.1 Introduction 

The network topology and voltage levels for transmission and distribution 

networks in the GB main land is illustrated in Figure 2.1. The transmission network 

operates at 400 kV and 275 kV (extra-high voltage (EHV)), with 132 kV (high voltage) 

used for some transmission and sub-transmission routes. Distribution networks operate 

at medium voltage at the primary substation (33 kV and 11 kV with some legacy use of 

66 kV and 6.6 kV) [19], [20]. The low voltage distribution networks operate at 400 V and 

constitute the network supplying the domestic and some commercial customers. The 

figure also illustrates the load density at different transmission and distribution levels. 

The studies carried out in this thesis mainly focus on 11 kV distribution networks.  

In Great Britain (GB), there are 14 licensed DNOs that operate the distribution 

networks. They are each responsible for a regional distribution service area. The 14 

DNOs are owned by six different commercial groups. The regulator OFGEM supervises 

the development of markets and competition to ensure the required services are 

provided to customers at a reasonable price. OFGEM also promotes security of supply 

and sustainability, for present and future generations of consumers. 

 

Figure 2.1 Network topology and voltage levels for transmission and distribution 
networks in GB [19]. 
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2.2 Medium voltage distribution networks 

A distribution network distributes electrical power from sources to a number of 

load points using a system of interconnected electric lines. A typical distribution network 

has step down transformers at the bulk supply points and primary substations, which 

then feed a number of feeders. The consumers are supplied through a number of 

secondary substations spaced along the primary distribution feeders with varying 

lengths.  

Primary substations have transformers with on‐load tap‐changers (OLTC) as the 

principal means of voltage regulation. Some of these tap changers are being upgraded 

to enable remotely controlled switching actions. However, a significant number OLTCs 

continue to operate locally using a relatively simple line‐drop compensation. A number 

of papers in the literature investigate alternative methods of voltage regulation using 

power electronic devices. Details regarding this are discussed in the following sections 

of this chapter. 

Conventional distribution network design was guided by the assumption that the 

network would almost exclusively service loads with no generation connected at these 

voltages. Feeders typically use radial lines (double circuits at 33 kV and single circuit at 

11 kV) with normally-open and normally-closed points. Most distribution networks 

operate radially to have less short circuit current and better protection co-ordination [20]. 

Power delivery systems comprise of a number of primary devices that deliver power and 

secondary devices that protect and allow control of the primary devices. The following 

subsection outlines the switching devices used in a distribution network. 

2.2.1 Switchgear used in distribution networks  

Switchgear is a general term covering switching devices. A number of these 

devices associated with interconnection and protection are used in distribution networks. 

Devices that are most commonly used by the distribution utilities are listed below [21]. 

 Switch  

 Switch Fuse unit (SFU) 

 Circuit breaker 

 Recloser 

 Disconnector (Sectionalizer) 
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A switchgear’s service is defined by its current breaking capacity, current making 

capacity, normal current rating, and Standard operating duty cycle. The switching 

capacity is the value of current, at a given rated voltage, at which a switchgear can 

operate (break/make) safely. Duty cycle for a switchgear is the prescribed number of 

unit-operations (one close-open operation) performed in a standardised sequence at 

allowable current levels [20][22]. The details of the operating sequence are defined by 

their respective governing IEC/IEEE standards. A comparison between the above listed 

devices, based on these parameters are listed in Table 2.1  

Table 2.1 Functionalities of switchgear used in distribution networks; table 
reproduced from [20] 

Type 
Rated current Fault current Duty cycle 

(Number of unit 
operations) Break Make Break Make 

Switch Yes Yes No Yes Single 

Switch Fuse unit (SFU) Yes Yes No No Single 

Circuit breaker Yes Yes Yes Yes Single 

Recloser Yes Yes Yes Yes Multiple 

Sectionalizer Yes Yes No No Single 

 

The medium voltage (MV) switchgear is governed by the standards “IEC 62271-

200-2003: ac metal-enclosed switchgear and control gear for rated voltages above 1 kV 

and up to and including 52 kV” [23] ; “IEC 60694-2002: common specifications for high-

voltage switchgear and control gear standards” [24] and “IEEE C37.20.2-1999: IEEE 

standard for metal-clad switchgear” [25]. Detailed comparative requirements of IEC and 

IEEE standards for MV switchgear are discussed in [26] .  

It is desirable to have remote operation capability in the switching devices to 

enable operation through control signal initiated by automation or a control engineer. A 

combination of primary switchgear and number of secondary devices such as voltage 

transformers, current transformers, fault passage indicators and auxiliary contactors are 

used for the automation of distribution network operation. Such systems ensure minimal 

impact to customers during an event on the network and allow for faster restoration of 

network. The details of automation in distribution networks are discussed in the following 

section. 

2.2.2 Automation in distribution networks 

Distribution automation (DA) is used by DNOs to improve the reliability of 

networks. DA operates on multiple control hierarchical layers. They include substation, 
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feeder and customer layers [20]. DNOs develop business cases for each layer, targeting 

areas where improved performance produces measurable benefits. Deployment and 

acceptance of these layers across the industry are varied. However, in the UK, there is 

a strong business case for the deployment of automation at feeder level based on the 

performance indicators outlined by OFGEM. An interruption of power supply over three 

minutes is registered as an event and the DNOs are heavily penalised for the excess 

customer minutes lost (CML) [27]. 

DNOs use various types of FA schemes in order to minimise the interval between 

a fault on a feeder and its corrective action. Typical response to a fault with and without 

feeder automation is compared in Figure 2.2. The figure indicates the time required for 

the restoration of power onto unfaulted feeders in the event of a permanent fault. In a 

network without automation, there are considerable delays on account of patrolling of 

the circuit before manual switching of circuit breakers. Therefore restoration of power to 

unfaulted feeders could take up to 50-80 mins [18]. Usually, this can be reduced to meet 

OFGEM requirements with the use of FA. Introduction of FA ensures that the unfaulted 

feeders are restored automatically while the repair of the faulted feeder can continue. 

Consequently, the total time required to repair a faulted feeder to its normal condition is 

also improved. 

 

Figure 2.2 Response to a fault on a network with and without feeder automation; 
Figure reproduced from [18] 
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2.2.3 Types of feeder automation 

Improvements in restoration time are achieved by automatic fault detection, 

isolation and restoration (FDIR) of faulted segments of distribution feeders via sensors, 

controls, switches, and communications systems. The associated devices can operate 

autonomously in response to local events or in response to signals from a central control 

system. 

FA deployment is broadly classified into two categories based on the control 

philosophy of the switchgears and its associated use of communication infrastructure 

[28], [29]. The categories are 

1) Centralised feeder automation (C-FA) 

In modern energy infrastructure the automation is achieved by central control of 

multiple intelligent electronic devices (IEDs) spread through the distribution network. The 

data from each device is read and the desired outcome of the network situation is 

decided by the logic programmed in a control centre. The action commands are then 

transmitted to the applicable devices. C-FA may be implemented as one of the 

applications of Distribution Management Systems (DMS) or supervisory control and data 

acquisition (SCADA) systems. C-FA systems require an accurate load model information 

and a complex communication infrastructure such that each switch controller can 

communicate with the control centre directly. This method allows for the highest possible 

optimisation of FA with complex switching logics [28]. However, the overall response 

time of a complete automation system may be comparatively high. The developments in 

this area are dominated by the improvements in the information and communication 

technology (ICT) infrastructure. Authors of [28], [30], [31] explore the developments in 

C-FA and the ICT infrastructure. 

2) Distributed feeder automation (D-FA) 

A more basic form of feeder automation without using a complex communication 

infrastructure is still extensively used in the networks. The distributed FA uses intelligent-

controlled devices at each switchgear locations. These devices communicate with each 

other to determine the appropriate switching actions necessary for restoration.  

Typically, DNOs use combinations of different switching devices coupled with 

auxiliary devices such as fault passage indicators to achieve various D-FA schemes. 
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Auto-reclosers are most commonly deployed to achieve D-FA schemes in radial 

networks. Auto-reclosers are fault interruption devices similar to circuit breakers, with an 

additional control unit that can be programmed to automatically close and open the 

device multiple times. The control unit initiates a reclose attempt after a pre-set waiting 

time, called dead time. Each reclosing attempt is called a shot. The number of shots vary 

depending on the network and are usually limited to four shots [32].  

A temporary fault usually clears before the final shot of an auto-recloser. 

Therefore, normal operation of the network is restored without intervention of the DNO. 

This is particularly desirable since historical data indicate that 85-90% of faults on 

distribution feeders are temporary [20].  A fault is usually permanent if it persists longer 

than the duration required to complete the allowable number of recloser shots. In this 

case, the device locks out in the open state during the final shot. A lock out normally 

requires intervention of the network operator to restore the network.  

Protection coordination between the switchgear is achieved by proper selection 

of tripping curves. Inbuilt timers in the local control units are used to achieve the desired 

operating sequence. Simple network operation is possible using only current-time 

coordination without a communication link. However, remote operation capability in the 

switching devices is preferred. Switching coordination is thus achieved by sharing the 

status between remotely-operated devices using a simple communication link, in 

addition to current-time coordination. The location of these devices are chosen to 

minimise the number of customers impacted by a fault. The developments in the IEC 

61850 Generic Object-Oriented Substation Event (GOOSE) based technology is a good 

fit for D-FA applications. A number of publications explore this technology [33]–[35]. 

A more coordinated D-FA scheme can also be achieved by grouping devices 

(switch/recloser) in a geographic location. The devices within a group at various locations 

need to be connected over a communication network. Introduction of the pulse reclosing 

technology [36], [37] and associated “team operation” of the grouped devices improve 

the performance of such D-FA schemes. The achieved solution is easy and less 

expensive to deploy than C-FA. However, “team operation” require the deployment of 

the specific switchgear that are compatible with this such operation and cannot be 

implemented using existing devices on the network [38], [39] .  

This thesis focuses on the conventional D-FA scheme. Detailed sequence of 

events of an existing D-FA scheme using auto-reclosers is discussed in Chapter 4.  
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2.2.4 Need for upgradation of assets in distribution network 

DNOs have identified a number of challenges in the existing distribution network. 

A large number of assets are reaching the end of their productive life cycle and will soon 

need replacement and/or reinforcement [40]. An increase in the penetration of renewable 

energy sources (RES) connected directly to the distribution network will also exert stress 

on the existing assets. Additional network capacity is needed in order to supply the 

evolving loads and increasing DG connections to their networks. Such problems require 

a more immediate response. The traditional reinforcement techniques are unlikely to 

deliver the desired outcomes. Furthermore, due to their scale such investments can take 

a significant amount of time before they are fully implemented. For example, the 

traditional approach to reinforce a network to overcome an under‐voltage condition would 

be to replace the line or cable with one of a higher cross-sectional area or addition of a 

substation. This approach would require substantial amount of time on account of 

planning, possible disruption and actual implementation times. Therefore, DNOs in the 

UK are now considering use of power electronics to solve the network problems. DNOs 

are procuring a number of power electronic devices to trial on their networks using the 

funding available through the LCNF and NIC projects [16].  

Power electronic converters, their associated technologies and applications are 

relatively mature in transmission networks. Devices such as FACTS (flexible AC 

transmission systems), static synchronous compensator (STATCOMS) and high voltage 

DC (HVDC) transmission have been commonly used to improve the performance of 

transmission networks since early 1990s [41]. However, their use in the distribution 

networks are at a relatively early stages of development. A range of power electronic 

devices to be used at distribution level are under investigation [42]. These include 

 Soft open points;  

 Active in‐line voltage regulators;  

 Solid state transformers; 

 Solid state fault current limiters;  

 On‐load tap changers for secondary substation transformers; 

 Flywheel energy storage system. 
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 A number of pilot projects were undertaken by the DNOs to deploy SOP type 

devices in distribution networks.  

‘Flexible Urban Networks-Low Voltage’ (FUN-LV) is an LCNF funded project 

initiated by UK Power Networks. The project explored the use of SOPs to enable the 

deferment of reinforcement and facilitate the connection of low carbon technologies and 

distributed generation in urban areas. This was achieved by meshing existing networks 

using SOPs at selected normally open points on the network. Trial area covered 

networks in the London and Brighton areas [17], [43]. 

‘Network Equilibrium’ project is initiated by Western Power Distribution and is 

funded by LCNF. This project explores a number of voltage and power flow management 

approaches to improve the utilisation of electricity networks. One of the approach was to 

deploy SOP (Flexible Power Link) to accommodate increased levels of low carbon 

technologies, during normal operation and outage conditions. The project aims to install 

and trial links between two different grid groups that cannot be paralleled due to 

circulating current issues [14].  

More recently the ‘Angle-DC’ project was initiated by Scottish Power Energy 

Networks, using the funds awarded through the NIC [44]. This project aims to 

demonstrate a network reinforcement technique using SOP type device, in North Wales. 

A DC link will be implemented using two VSCs connected along a distribution network 

using existing AC assets. The two VSCs are to be installed in separate substations, at 

different geographical locations. The technique is being used as an efficient method to 

create network capacity headroom and facilitate GB’s objective for the shift towards a 

low carbon economy. 

SP Energy Networks has initiated the ‘LV Engine’ project which aims to carry out 

design and trial of Solid State Transformers or “Smart Transformers” within the 

distribution network at secondary substations. If successful, LV Engine will be a major 

enabler for the future Distribution Systems Operator (DSO) [45], [46].  

These new technologies and their applications are able to support network 

operation either by improving the effectiveness of existing operation or by offering new 

functions to the distribution network. This thesis focuses on the enhancement of 

performance on a network with SOP during faults. As a background to this research, the 

state of the art of SOP used in distribution networks are presented in the following 

section. 
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2.3 Introduction to SOP 

SOPs are multi-functional power electronic devices installed in place of normally-

open or normally-closed points in distribution networks. They have also been called 

‘‘SIPLINK” [47], ‘‘DC link” [48], [49], and ‘‘SNOP” [50] in the literature. The term ‘soft’ 

open point is derived from the fact that there are no mechanical opening and closing 

(hard switching operation) of switching contacts in an SOP like in conventional 

switchgear. The real power (P) flowing through an SOP, and the reactive power (Q) being 

provided at the converter terminals are achieved through controlled switching of power 

electronic switches. 

Typically, an SOP is used as a soft meshing device installed in place of the 

normally-open tie switch connecting two feeders. Figure 2.3 illustrates a simple network 

that consists of two radial feeders connected in an open loop configuration through an 

NOP. D1n and D2n represent the switching devices used on Feeder-1 and Feeder-2. The 

SOP is installed in place of the NOP as indicated. There are many benefits of using an 

SOP on a distribution network; the key drivers are listed below. 

D2a

Feeder-2
D2n

NOP

- Switching device OPEN

- Switching device CLOSED

P2, Q2

P1, Q1

D1a
Feeder-1

D1n

Connected 
Loads

Primary 
substation

SOP

 

Figure 2.3 SOP in a distribution network 

2.3.1 Key drivers of using SOP 

 Operational flexibility: The use of SOP allows for independent control of P 

and Q in either direction up to its maximum rated power capacity. The network 

operator has the flexibility to dynamically change the operational set points 

continuously or in steps as per the network requirements [51]. This allows the 



 

20 

 

State of the Art and Literature Review 

 

SOP to be used for dynamic voltage support with flexibility to absorb or inject 

reactive power at both its interface terminals. 

 Improvement in power quality: SOPs can be used to improve the performance 

of the network by mitigating voltage imbalance, flicker, sag and lower order 

harmonics [51], [52].  

 Fault levels not increased: SOPs enable the connection of two networks while 

only modestly increasing the fault levels of the individual networks. There is 

a substantial increase in fault level if two feeders are connected by closing a 

NOP. Due to the instantaneous control of currents, the two connected feeders 

act as a meshed network without increase in the fault level [42]. 

  Connectivity of dissimilar feeders: The two networks connected by an SOP 

could be operating at different frequencies and phase angles. This is 

particularly helpful when connecting feeders supplied from different 

substations. The two networks remain electrically decoupled and can be 

connected regardless of the rated voltage or phase angle difference [52]. 

 Phase imbalance mitigation: Phase imbalance is one of the major causes of 

capacity limitation in a feeder at low voltage application [52]. An SOP allows 

instantaneous power transfer between phases and therefore can be used for 

balancing power flows within a feeder. 

2.3.2  SOP and other type of FACTS devices at distribution level 

SOPs are typically made from arrangements of voltage source converters (VSCs) 

in varying rating and quantity. Various topologies of VSC based devices are discussed 

in the literature [49], [52]–[54]. These mainly include back-to-back (BTB), multi-terminal 

(MT) VSCs and unified power flow controllers (UPFC) as illustrated in Figure 2.4.  

BTB Multi-Terminal UPFC

 

Figure 2.4 SOP and other type of FACTS devices at distribution level 
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A back-to-back VSC based SOP consists of two VSCs connected via a common 

DC link to form an asynchronous AC/AC conversion device. Similar operation of the 

network can be achieved using point-to-point VSC links, in which the DC link is extended 

and the two VSCs are geographically displaced. This thesis is focused on the 

performance and operation of back-to-back VSC based SOP. Back-to-back VSC based 

SOPs are most commonly used in distribution networks due to their simplicity of 

implementation. Furthermore, it has been suggested that the back-to-back arrangement 

is the most cost effective topology in distribution networks [42], [53]. The details of this 

configuration are discussed in the following subsection. 

The multi-terminal VSC based SOP is an extension of the back-to-back topology, 

in which additional VSCs are connected through a common DC link. The operational 

principle is similar to that of a back-to-back VSC based SOP, with power transferrable 

across each of the connected VSCs. 

The UPFC (also called shunt-series VSCs in the literature [53], [55]) consist of 

two VSCs with a common DC link. Unlike back-to-back and multi terminal based SOP, 

UPFCs can only be installed in normally closed points of a network. One VSC is 

connected in series and the other is connected in shunt with the interconnected feeders. 

The series connected VSC controls the power flows between the interconnected feeders 

by injecting a voltage with controllable magnitude and phase angle [55]. The active power 

demand of the series VSC is supplied by the shunt connected VSC through the DC link. 

It is possible to control the reactive power independent of the series connected VSC. 

Each topology has its unique characteristics based on its construction and 

functional implementation. Suitable configuration is selected based on network 

requirements. Table 2.2 lists the different parameters of comparison between the three 

topologies discussed in this subsection. 

Table 2.2 Summary of SOP and other type of FACTS devices; reproduced form [53] 
Parameter B2B MT UPFC 

Real power excahnge Yes Yes Yes 

Reactive power support Yes Yes Yes 

Post-fault restoration Yes Yes Yes 

Partially rated converters No No Yes 

VSCs in conduction 2 ≥2 1 

Number of VSC/Device 2 ≥3 2 

Feeder connection type DC Link DC Link Direct 

Feeder connection Asynchronous Asynchronous Synchronous 
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2.3.3 Back-to-Back VSC based SOP 

The circuit topology of a back-to-back VSC based SOP is shown in Figure 2.5. It 

consists of two VSCs connected through a DC link. Each VSC consists of six arms of 

Insulated Gate Bipolar Transistors (IGBTs) connected in a bridge configuration. The 

VSCs are interconnected to the feeder through an inductor. An isolation transformer is 

usually used to isolate the SOP terminals from its respective feeder [52]. 

3Φ 
3Φ 

Feeder 1
Feeder 2

IGBTsIsolation 
Transformer

DC  link

 

Figure 2.5 IGBT connections in a B2B VSC based SOP. 

It is common to use two-level converters for medium voltage and/or low voltage 

applications. Multilevel topologies are predominantly used for higher voltage levels [53]. 

Each VSC in the SOP is operated through controlled commutation of the IGBTs using 

Pulse width modulation (PWM). Real power transfer through the VSC is achieved by 

controlling the phase angles of the converter terminal voltage with respect to the SOP 

grid connection point. Transfer of reactive power is achieved by controlling the magnitude 

of voltage at the converter terminal with respect to the voltage at the SOP grid connection 

point. Smooth voltages are generated at the VSC terminals using low pass filters. The 

DC capacitors limit the ripples in DC current and provide for decoupled real power 

exchange between VSCs [49]. 

Figure 2.6 shows the ideal operating region of a back-to-back VSC based SOP 

in the P-Q plane. The operating region is represented by a circle with a radius equal to 

the total rated apparent power (S) of the SOP. The SOP can operate on any set points 

within the circle. Therefore, this configuration of SOP allows control of real and reactive 

power in all four quadrants of the P-Q plane. It can also facilitate black start, unlike line 

commutated converters (LCC) [51].  
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Figure 2.6 Ideal operating region for BTB VSC based SOP in P-Q plane 
 

2.4 Previous research on SOP 

In this section the previous work on SOPs is discussed highlighting the research 

gaps which are discussed broadly in terms of the steady state and dynamic operation. 

2.4.1 Steady state operation 

A number of publications discuss the steady state operation of SOPs in 

distribution networks. These mainly focus on optimal network operation and benefit 

quantification of using SOP in distribution networks under normal operating conditions. 

Authors of paper [56], [57] proposed a method to determine the optimal 

installation sites and capacities of SOPs under normal operating conditions. A mixed 

integer non-linear optimisation problem was formulated based on typical operation 

scenarios generated by Wasserstein distance. In addition, an optimal configuration 

model of SOP was presented. 

Using the method proposed in [56] to determine the optimum location of SOP, an 

optimal planning model of distributed energy storage systems was developed for active 

distribution networks in [58]. Hourly network reconfiguration was conducted to optimise 

the power flow by changing the network topology whilst incorporating SOPs and reactive 

power capability of DGs 

The benefits of using SOPs in distribution networks have previously been 

reported for specific objectives, such as: loss minimisation , feeder load balancing [50], 
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[59] , maximisation of network loadability and DG penetration [49], [60]. A multi-objective 

optimisation framework was proposed in [61] to improve the operation of a distribution 

network with distributed generation and a soft open point (SOP). An optimisation method 

that integrates a Multi-Objective Particle Swarm Optimisation (MOPSO) algorithm and a 

local search technique, the Taxi-cab method, was proposed to determine the optimal set 

points of the SOP. Power loss reduction, feeder load balancing and voltage profile 

improvement were taken as objectives. 

A steady state analysis framework was developed in [62] to quantify the 

operational benefits of a distribution network with SOPs under normal network operating 

conditions. It was shown that the use of one SOP achieved a similar improvement in 

network operation as using network reconfiguration with all branches equipped with 

remotely controlled switches. A generic power injection model was developed and used 

to determine the optimal SOP operation using an improved Powell’s Direct Set method.  

The authors of [63] used an algorithm to assess the increase in hosting capacity 

that resulting from the addition an SOP to link two networks. A stress majorisation 

technique was applied to a United Kingdom Generic Distribution System (UKGDS) to 

visualise non-concurrent per-node hosting capacity. 

A Jacobian matrix - based sensitivity method was used to define the operating 

region of an SOP when the feeders at the two terminals of the SOP had different load 

and generation conditions. The exact operational set points were determined by adopting 

a non-linear optimisation considering different objectives separately. Three optimisation 

objectives were considered with different DG penetrations and different network 

observabilities.[64] 

The impact of control strategy adopted for the SOP (DC link) operation on the 

power-flow convergence of integrated AC–DC systems was investigated in [65]. 

Considering various control strategies, a sequential method was used to solve the DC 

variables in the Newton Raphson (NR) power flow model. 

2.4.2 Dynamic operation  

The research involving the dynamic operation of SOP network mainly focuses on 

the control philosophy and applications of SOP in improving the performance of a 

distribution network during unfaulted and post-fault scenarios. A number of papers 

discuss the use of SOPs for load balancing, voltage profile management, increase in DG 

penetration, network reinforcement and post-fault restoration. 
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In [50], [66] the effectiveness of using SOPs as a viable alternative to other 

voltage control strategies on distribution networks was investigated. Applications of 

SOPs for load balancing through voltage profile management were also discussed. 

Multiple network models with various topologies were used. Economic benefits of 

increasing feasible DG penetration were also reported. 

Authors of [67] proposed a coordinated voltage and reactive power control 

method based on SOP for active distribution networks. A time-series model of 

coordinated control was developed to minimise operational costs and eliminate voltage 

violations of networks. The model was then linearised, such that it can be efficiently 

solved to meet the requirement of voltage regulation rapidity. 

The application of SOPs to increase the penetration of photovoltaic generation 

on a distribution network was discussed in [68]. The authors demonstrated the use of 

SOPs with energy storage for providing damping functionality simultaneous to its other 

functions. A formula to estimate the level of energy storage required to handle worst-

case transient conditions, as well as two high-level control schemes for the SOPs were 

proposed. These were then simulated using typical distribution systems with historical 

measurements. 

The use of SOPs for network reinforcement was discussed in [44], [69], [70]. The 

use SOP and VSC based converter systems installed within the network was 

investigated to provide increased power transfer capability without the upgrading the 

cables and associated assets. The ability of the SOP to dynamically force active power 

flows to balance feeders (and phase loadings), and thereby improve the utilisation of the 

existing network capacity was discussed in [71]. 

The use of SOPs in mitigating serious unbalanced network operation caused by 

asymmetric integration of distributed generators was investigated in [72]. A strategy was 

developed using SOPs to reduce power losses and simultaneously mitigate the three-

phase unbalance of the high voltage grid. 

An SOP was investigated for supply restoration in medium voltage distribution 

networks in [51], [73], [74]. Two control modes were defined for SOP operation under 

normal and post-fault restorative network operating conditions. A mode switch method 

based on the phase-locked loop (PLL) technique was proposed to facilitate a smooth 

transition between the two control modes and thus facilitate supply restoration. 
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Majority of the work on the behaviour of VSC based devices during AC faults 

focused on transient studies and their fault ride-through capabilities, as discussed in [75], 

[76]. Small signal stability of the power electronic converters during network unbalance 

is investigated in [77]. Strategies for fault ride-through of inverter interfaced distributed 

energy resources (DER) was discussed in [78]. An inverse time-domain transient 

analysis to locate sub-cycle incipient faults in distribution systems was investigated in 

[79]. These studies focused on detailed power electronic design. Authors of [80] explored 

the accurate representation of distributed generators interfaced with inverters in fault 

current calculation. The authors used the knowledge of control strategy to develop a 

linear analytical equivalent model as a function of the inverter’s hardware parameters 

and controller gains. 

The existing literature does not describe the operation of a distribution network 

with SOP during a fault on the network. Typically network studies and power electronics 

design are two separate areas of study. There are no methods described in the literature 

to incorporate an SOP into fault studies or the operation of an SOP during abnormal 

network conditions. 

2.5 Summary 

In this chapter, the state of the art of distribution network operation, specifically 

in the UK was summarised. Switching devices typically used in distribution networks 

were briefly discussed. The need and benefits of automation at distribution level were 

presented. Salient features, types of feeder automation and their role in network 

restoration following a fault were discussed. Challenges in the future distribution 

networks were then introduced, with special attention paid to the emergence of power 

electronics at the distribution network level.  

Power electronics devices can offer a variety of operational functions and, hence, 

will play a key role to enable controllability and flexibility features throughout the future 

distribution networks. An SOP is one such power electronics device in distribution 

networks. The key drivers of SOP deployment in distribution networks and different 

topologies of SOPs were introduced. A review of the state-of-the-art of the SOP studies 

was presented, and these were followed by identifying the corresponding research gaps.  

The potential of using power electronics devices to improve network protection 

has been mentioned in the literature [48], [80]. However, this topic was not fully explored. 

In order to realise network protection capabilities of an SOP, it is important to incorporate 
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the SOP into network fault studies. The impact on existing automation schemes and 

interactions between the SOP and the existing network operating dynamics need to be 

investigated. 

To bridge this gap, this study investigates the dynamic operation of a back-to-

back voltage source converter (VSC) based SOP under faulted network conditions. In 

Chapter 3, fault analysis technique using equivalent sequence networks is extended to 

a distribution network with connected SOP. This allows a detailed study of the 

interactions between an SOP and existing feeder automation schemes on the network. 
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Chapter 3 Fault Studies of a Distribution Network with 

Soft Open Point 

3.1 Introduction 

The operation and benefits of using SOP in a distribution network were discussed 

in the previous chapter. It is important to understand the dynamic behaviour of a network 

with an SOP during a fault for wide deployment of SOP. To fill this gap, fault analysis of 

a distribution network with an SOP is carried out in this chapter. The modelling of an 

SOP suitable for the fault studies is discussed. The performance of the network with SOP 

was investigated during normal and faulted conditions. Use of sequence networks is 

extended to include the SOP such that conventional fault analysis technique can be used 

on a distribution network with an SOP. Correlation between the sequence components 

(of the voltages and currents) and the SOP set points was investigated. Furthermore, a 

fault detection method is developed using the equivalent sequence networks without 

using additional devices. Simulations were carried out on an 11kV generic UK distribution 

network model developed in PSCAD/EMTDC.  

3.2 Modelling and control of a Back-to-Back VSC based SOP 

3.2.1 Modelling of the SOP 

As described in Chapter 2, Figure 2.5,   a back-to-back VSC based SOP consists 

of two VSCs, each with six arms of IGBT connected through a DC bus to form an 

asymmetrical AC/AC converter. In order to perform the fault study on a network with a 

connected SOP, the detailed power electronic design of the SOP is not necessary. An 

average model of an SOP using switched equivalent circuit is sufficient for this study. 

The model describes the steady state and the dynamic behaviour of the VSC with 

sufficient accuracy [81]. 

 An average model of an SOP is illustrated in Figure 3.1. It consists of two 

switched equivalent circuits of a VSC, each with decoupled AC and DC sides. The AC 

side is modelled as a three-phase voltage source (V1 for VSC1 and V2 for VSC2). The 

DC side is modelled as a current source connected in parallel to a capacitor at a DC 

voltage of Vdc. Subscripts 1 and 2 are added to the variable names of the SOP to indicate 

the respective values corresponding to VSC1 and VSC2.  
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The direct current (Idc) represents the real power transfer between the VSCs. The 

magnitudes of real power flowing between the terminals of SOP are equal during steady 

state operation. Equation (3.1) illustrated by the power balance equation in an SOP; 

where P1 and P2 are the magnitudes of real power transferred across the terminals of 

the SOP and Pdc is the DC power transferred through the DC link.  

𝑃 = 𝑃 = 𝑃 = 𝑉 × 𝐼  (3.1) 

Vdc 

Idc

CT1GCP1

V1LTc1
ic1

V2

CT2

ic2
L Tc2

GCP2

SOP

VSC1 VSC2

Converter
 Terminals

Converter 
Terminals

P1  

Q1 
P2  

Q2 

Vac1 Vac2

To Feeder-1 To Feeder-2
 

Figure 3.1 Average model of SOP 

3.2.2 Control of SOP 

A number of control schemes for VSCs have been proposed in the literature, 

including linear and non-linear methods [82]–[85]. Classical two-level dq0-control is used 

in this study [86]. It is a common control technique, which allows the use of linear 

proportional-integral (PI) controllers to control the sinusoidal network quantities. This is 

achieved by transforming the three-phase (a, b, c) network quantities to a synchronously 

rotating reference frame (d, q, 0) using Parks transformation as shown in Equation. (3.2). 

T(θ) is Park’s transformation matrix (details in Appendix A); Xabc is a vector of three-

phase quantities in the abc frame and Xdq0 is the vector of the converted quantities in the 

dq0 frame. 

𝐗𝐝𝐪𝟎 = [𝐓(𝜃)][𝐗𝐚𝐛𝐜] (3.2) 

The angle θ is synchronised to the grid angle using the angular frequency ω, 

obtained using a phase locked loop (PLL) [81]. The angular frequency ω is calculated 

using the positive sequence voltage as an input to the PLL. Details of symmetrical 

components are explained in Section 3.4.1. The angular frequency of the rotating frame 

is controlled such that the resultant angle θ, maintains the quadrature axis voltage (Vq) 

at zero. The direct axis voltage (Vd) is linearly controlled to achieve the desired VSC 

output voltage.  
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Each VSC is equipped with a separate two-level cascaded control system, which 

include an outer (power) and an inner (current) control loop as shown in Figure 3.2. The 

outer loop uses PI controllers to regulate active power (P) or DC voltage (Vdc) using the 

direct axis variable (id) and reactive power (Q) or AC voltage (Vac) using the quadrature 

axis variable (iq). The outer loop produces the direct axis (id*) and the quadrature axis 

(iq*) current reference signals for the inner loop. 

The mode of operation is selected between the active power control (APC) or the 

direct voltage control (DVC) through switch S1. Similarly, the reactive power control 

(RPC) or the alternating voltage control (AVC) is selectable through switch S2. 

Therefore, the SOP control modes are switchable between the P-Q, Vdc-Q, Vdc-Vac and 

P-Vac modes, during normal network operation. 

(APC)

(DVC)

P*

P

+-

+-

Vdc  

PI

PI
S1

id*

id 

Vac d

Vd*

Vq*

+- +-PI -

(RPC)

(AVC)

Q*

Q

+-

+-

Vac  

PI

PI
S2

iq*

iq 

Vac q

+- +-PI -

Id max

Iq max
ω

ω

Vdc*

Vac*

Outer Loop Inner Loop

 

Figure 3.2 Classical two-level cascaded control system of an SOP. 

The inner loop is used to regulate the values of the current references id* and iq*, 

received from the outer loop. Decoupling signals are included to eliminate cross-coupling 

dynamics. The summation of the inner loop PI controller outputs and the decoupling 

terms produces the direct (Vd*) and quadrature (Vq*) axis voltage references. The voltage 

reference signals are then used to generate the converter phase voltages (Va, Vb, Vc) 

through an inverse Park’s transformation. In the average model, the firing operation is 

realised through the functional equivalent of the IGBT operation. The modulation index 

m is defined using Vd* and Vdc as shown in Equation. (3.3). The converter terminal 

voltages are calculated using Equation. (3.4). The DC current flowing through the DC 
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link is determined according to the Equation. (3.5) [84]. ia, ib and ic  are the AC current 

magnitudes through phases a, b and c. 

𝑚 = 𝑉∗
2

𝑉
 (3.3) 

𝑉 = 𝑚
𝑉

2
;  where 𝑘 = 𝑎, 𝑏, 𝑐 (3.4) 

𝐼 =
𝑚

2
(𝑖 + 𝑖 + 𝑖 ) (3.5) 

An IGBTs has a maximum current carrying capacity (imax) which is typically 1.5 

times the magnitude of the rated current flowing through its terminals [81]. A current 

limiter is adopted to model the physical current carrying limitations of an IGBT.  Equation. 

(3.6) represents the mathematical calculation of the current limiter in the VSC controller. 

This ensures that the maximum current through IGBTs saturates at imax, which protects 

the IGBTs from damage due to overcurrent. 

(𝑖 ) + (𝑖 ) ≤ (𝑖 )  (3.6) 

A sustained DC voltage ensures a balanced real power flow between the 

terminals of the SOP. Therefore, either VSC1 or VSC2 must control Vdc for proper 

operation of the SOP. However, the two VSCs cannot control the DC link voltage 

simultaneously as this may lead to hunting [81].  

The VSC control described above is commonly referred as the power control 

mode in the literature [73]. In this mode, the SOP may operate in combinations of control 

schemes, and are interchangeable for VSC1 and VSC2 without affecting the overall 

performance of the device. This chapter focuses on analysis of an SOP in combinations 

of P-Q and Vdc-Q modes only. The reference values of the real power (P1* and P2*), 

reactive power (Q1* and Q2*) and the AC voltage (Vac2*and Vac2*) at terminals of VSC1 

and VSC2 are defined by the user as per network requirements. All values within the 

rating of the SOP are permissible. The DC voltage (Vdc*) is usually fixed for a SOP 

design.  
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3.3 Dynamic behaviour of a network with SOP 

3.3.1 Behaviour of a network with SOP during normal operation 

Simulations are carried out to illustrate the dynamic response of a network with 

an SOP. Different set points of active and reactive power are used while keeping a 

constant DC link voltage. Simulation results illustrate the independent control of P and Q 

during unfaulted network operation using a 6MVA SOP model. (P1*, Q1*) are real and 

reactive power set points for VSC1. (Vdc*, Q2*) are DC voltage and reactive power set 

points for VSC2. The set points were changed in steps as shown in Table 3.1. However, 

any value of set points within the capacity of the device can be used. The direction of 

power flow from Feeder- 1 to Feeder-2 (in Figure 3.1) was considered as positive 

throughout the simulation. 

Table 3.1 Set points (P1*, Q1*) and (Vdc*, Q2*) during normal operation 
Simulation Time P1* (MW) Q1* (MVAr) Vdc* (kV) Q2* (MVAr) 

t =0 s 2 -0.5 35 0.5 

t =1 s 0 -0.5 35 0.5 

t =2 s 0 0.5 35 -1.5 

t =3 s -1 0.5 35 -1.5 

t =4 s -1 -1.5 35 1 

t =5 s -1 -1.5 35 1 

Figure 3.3 shows the real and reactive power (P1 and Q1) flowing through SOP 

grid connection point GCP1, and Figure 3.4 shows (P2 and Q2) flowing through GCP2, 

under normal network conditions. The magnitude of P flowing through the two terminals 

was equal throughout the simulation. However, the Q flowing through the two terminals 

were different and independent of each other. From the curves, it is clear that an SOP 

allows independent control of P and Q flow in either direction of the DC link.  

Figure 3.5 shows the voltages (Vac1 and Vac2) at the grid connection points of the 

SOP (GCP1 and GCP2). The terminal voltage rises with an increase in Q injection into 

the network and conversely drops with export of Q from the network. In addition, a 

voltage rise was observed with increasing injection of P into the network. This can be 

seen at time (t =1 s) and (t =3 s) in Figure 3.5, corresponding to the change in P* (at 

same respective times) in Figures 3.3 and 3.4. This is due to the relatively high ratio of 

resistance (R) to reactance (X) in a distribution network (R/X ≈0.3 at 33 kV and ≈0.5-1 at 

11kV). Therefore the effect of real power on voltage profile cannot be ignored [40]. 
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Figure 3.3 P and Q flowing through grid connection point GCP1 for different set 
points 

 

 
Figure 3.4 P and Q flowing through grid connection point GCP2 for different set 
points 

 

 

Figure 3.5 Voltages at the grid connection points of the SOP 
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3.3.2 Behaviour of a network with SOP during a fault  

The detailed fault dynamic response of an SOP is determined by the hardware 

implementation (e.g. back-to-back VSC or UPFC) and the controller design. In the 

classical two-level dq0-control used for the back-to-back VSC based SOP, the outer loop 

attempts to maintain the predefined set points. A change in the magnitude of power flow 

due to a drop in the voltage during AC faults results in an increase in current reference 

id* and iq*. Figure 3.6 illustrates the current injected from the SOP following a balanced 

fault on the connected feeder (Feeder 1). The current limiter ensures that the maximum 

current flowing through the SOP terminals is limited to imax.  

 

Figure 3.6 Dynamic response of the current injected from SOP after a fault at t=1 s 

 

During a balanced fault, real and reactive power flows decrease due to a 

substantial drop in the feeder voltage [51]. In case of an unbalanced fault the real and 

reactive power flowing through the SOP terminals remain nearly the same as the pre-

fault values. However there are ripples in the power flows due to voltage imbalance in 

the feeder resulting from the unbalanced fault.  

The reactive power flowing through the SOP terminals of the unfaulted feeder 

remains unchanged for all types of faults.  Figure 3.7 illustrates the real and reactive 

power (P2 and Q2) flowing through GCP2 following a fault on Feeder 1 at time t =1s.The 

SOP continues to provide reactive power support to the unfaulted feeder during a fault 

on one of the feeders, provided that suitable control for Vdc is used. Analysing the 

dynamic response of the DC link voltage is not in the scope of this thesis. 
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Figure 3.7 P and Q flowing through grid connection point GCP2 after a fault on 
Feeder-1 at t=1s 

3.4 Fault analysis of distribution networks with SOP 

MV radial feeders are typically operated with unidirectional power flow. The 

reverse current in a feeder due to the introduction of an SOP results in a disruption of 

the protection settings. Consequently, the use of SOP brings more complexity to the 

dynamic response of a network during a fault. The current settings of the relays between 

the SOP and the fault need recalibration in order to prevent unintended tripping of circuit 

breakers. This needs to be taken into account in the network studies so as to ensure 

proper operation of the network with an SOP. Therefore it is important to incorporate 

SOP into fault studies of a distribution network.  

3.4.1 Fault analysis using symmetrical components 

Fortescue proposed the theory of symmetrical components to study unbalanced 

networks [87]. During a fault, the unbalanced network can be resolved into three sets of 

balanced three-phase vector groups (positive, negative and zero sequences) called 

symmetrical components. Positive sequence components consist of balanced three-

phase vectors in normal phase sequence. Whereas vectors in reverse phase sequence 

constitute the negative sequence components. The zero sequence components consists 

of three in-phase vectors. Ignoring the negative sequence components resulting from 

load imbalances, no negative and zero sequence components exist in a network during 

normal (no fault) operation.  

Although these are not physically present in the network, monitoring and 

superimposition of symmetrical components represents the basis of understanding 

network behaviour during faults [88], [89]. Equations. (3.7) - (3.9) show the measured 

phase voltages (Va, Vb, Vc) expressed as a function of the symmetrical components (Vp, 

Vn, Vz) using the complex operator ‘a’.  
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𝑉 = 𝑉 + 𝑉 + 𝑉  (3.7) 

𝑉 = 𝑎 𝑉 + 𝑎𝑉 + 𝑉  (3.8) 

𝑉 = 𝑎𝑉 + 𝑎 𝑉 + 𝑉  (3.9) 

where 𝑎 = 𝑒
 

; subscripts a, b and c indicate the three-phase quantities and 

the superscripts p, n and z represent the positive, negative and zero sequence 

components respectively. Using Equations. (3.7) - (3.9) filters are modelled to resolve 

the measured phase voltages and line currents into positive, negative and zero sequence 

vectors. Details regarding the modelling of filters are in Appendix B. Similar equations 

can be written for the currents. 

Fault studies are carried out by replacing the fault with a voltage source equal to 

the pre-fault voltage at the fault point. Symmetrical components are then used to draw 

equivalent sequence networks by considering the fault point to be the source of 

imbalance [89]. A low ohmic connection between phases or between phases and earth 

constitutes a fault [80]. Open circuits and high impedance faults are not analysed in this 

research.  

3.4.2 Fault analysis of a network with SOP using symmetrical components 

In order to enable detailed fault studies on a network with SOP, the current 

contribution of an SOP needs to be included in the sequence networks. Depending upon 

the type of fault, positive, negative and zero sequence currents are injected from the 

SOP grid connection point. A VSC can produce positive and negative sequence currents 

using a classical dq0-controller. Zero sequence currents exist depending on the 

grounding arrangement and winding arrangement of the isolation transformer.  

During a grid-side AC fault, an SOP viewed from the network behaves as a 

current source. The current flowing into the fault is a sum of the current infeed from the 

grid and the current injected from the SOP. Therefore, the contribution from the SOP is 

represented by a current source in parallel to their respective sequence component in 

the equivalent sequence network. 
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Figures 3.8 - 3.10 illustrate the equivalent sequence networks for grid-side AC 

faults on a network with an SOP. The portion highlighted in yellow represents the 

sequence network of the SOP. ‘f’ represents the location of the fault on one of the feeders 

connected to the SOP terminal. GCP1 is the grid connection point of the SOP and the 

faulted feeder; Eg1 is the AC grid voltage at G1. ZTg1 represents the AC grid impedance 

(including the distribution lines and the grid transformer) of the faulted feeder. ZTc1 is the 

isolation transformer impedance and Zc is the converter impedance. Superscripts p, n 

and z represent positive, negative and zero sequence components. 

Figure 3.8 shows the equivalent sequence network for a line-to-ground fault (La-

G). The positive, negative and zero sequence components are in series for such a fault 

[89]. Zero sequence components exist in the network only if a ground path is available 

for the flow of current. The VSC does not produce zero sequence current since it is 

connected to the delta side of the isolation transformer (in Figure 3.1). However, the fault 

current at f has a zero-sequence component, since the grid transformer and the SOP 

isolation transformer are star grounded on the feeder side. 

Figure 3.9 shows the equivalent sequence network for an unbalanced line-to-line 

fault (La-Lb). The positive and negative sequence networks are in parallel with each other 

for an unbalanced fault [89]. Thus, the positive and negative sequence voltages are 

equal in magnitude. There are no zero sequence components in the network, since there 

is no ground connection associated with this type of fault.  

The equivalent sequence network for a balanced three-phase fault (La-Lb-Lc) is 

shown in Figure 3.10. Only the positive sequence current is present in this network. 

There are no negative and zero sequence currents since the network is balanced.  

Due to the nature of SOP, the two feeder connected through the SOP are 

decoupled from each other. Therefore, impedances of unfaulted feeder do not appear in 

the equivalent sequence network. 
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Figure 3.8 Equivalent sequence network of a feeder with an SOP for a line-to-
ground fault at f 
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Figure 3.9 Equivalent sequence network of a feeder with an SOP for a line-to-line 
fault at f 
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Figure 3.10 Equivalent sequence network of a feeder with an SOP for a three phase 
fault at f 
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3.4.3 Fault detection and Fault-Index 

In a conventional distribution network without distributed energy resources, the 

rotational energy stored in generators is dissipated during a fault in the form of a large 

fault current. Each type of fault is accurately characterised by the corresponding fault 

current. Coordination of overcurrent protection devices is achieved by detailed fault 

analysis carried out on the network. 

Measurements of symmetrical current components were introduced over the 

years as an improvement to the conventional over current measurements. During an 

unbalanced fault, the negative sequence current is present in a large proportion as 

compared to load imbalance. Thus, measuring the sequence currents was an effective 

method to detect faults on distribution networks. Authors of [90] defined a function to 

quantify the negative sequence currents for fault detection. The method eliminated faulty 

operation of overcurrent protection devices due to transient currents in a network. 

However, quantification of the negative sequence currents will not be applicable for 

balanced faults. In addition, the current based detection method in a network with an 

SOP will lead to further complication since the SOP contributes sequence currents into 

faults. Thus, a symmetrical voltage-based method of fault detection is proposed to 

overcome the shortcomings of using current measurement based method. 

Fault-Index (FI), defined in Equation. (3.10) is the ratio of the difference between 

the root mean square (RMS) values of positive, negative and zero sequence voltages to 

the nominal positive sequence voltage of the distribution network, for each phase.  

𝐹𝐼 =
(𝑉  − (𝑉  + 𝑉  ))

(𝑉  ( ))
 (3.10) 

Where 𝑥 corresponds to the phases a, b and c. 

The power quality criterion is based on the voltage unbalance factor (VUF) which 

is the ratio of negative to positive sequence voltages. Voltage unbalance may occur in a 

network due to unbalanced system impedance or due to switching of high loads. They 

rarely exceed 2%, for a short duration of time. Engineering Recommendation P29 [91] 

states that the VUF should not go above 1.3% for systems with nominal voltages below 

33kV. To clearly distinguish between voltage imbalance and a fault, an unbalance of 

10% or greater (VUF ≥ 0.1) is assumed to indicate a fault in the network. Using this 

inequality in Equation. (3.10), the value of numerator is ≤ 0.9. Similarly, the value of the 
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denominator can be calculated to be ≥ 1. Thus, a threshold value of FI ≥ 0.9 was 

calculated for a healthy network. Any value of FI < 0.9 indicates a fault in the network. 

3.5 Simulation Results 

3.5.1 Test Network 

An 11 kV generic UK distribution network was used in this study [92], [93]. The 

test network consists of two radial feeders connected through a 6 MVA SOP. Each feeder 

consists of three sections each of 1 km length. Figure 3.11 shows Feeder-1 of the 11 kV 

test network connected to Feeder-2 through the SOP. Feeder-2 (not shown in the figure) 

is identical to Feeder 1 with same set of devices and line characteristics. The model was 

developed in PSCAD/ EMTDC package.  

CT1
(Grid connection 

point)

ZcGCP1

R1

Zg
(VSC2)(VSC1)

T1 Tc1f

Zg
L1 L2G1

CT2

Ip+In+Iz
(c) (c) (c)Ip+In+Iz

(g) (g) (g)

To
Feeder-2

SOPIp+In
(c) (c)

Zg

Feeder-1  

Figure 3.11 Generic 11kV distribution network with SOP (Test network). 

G1 is the grid infeed point. T1 is a 15 MVA, delta-star grid transformer grounded 

through a 25 Ω resistor on the feeder side. R1 is an overcurrent-based substation circuit 

breaker. Zg represents the line impedance of a section. Each 1km section has a positive 

(Zg
p), negative (Zg

n) and zero (Zg
z) sequence impedance of 0.164+j0.321 Ω, 0.164+j0.321 

Ω and 0.542+j0.426 Ω respectively. For simplicity, the positive and negative sequence 

impedances were assumed equal. L1 and L2 are uniform lumped loads of 1 MW/ph at 

power factor of 1. The rating of the SOP was selected such that it is sufficient to feed the 

loads L1 and L2. The isolation transformer (TC1) is a delta-star transformer with a directly 

grounded star winding on the feeder side. It is connected between the converter 

terminals (CT1) and the grid connection point (GCP1) on Feeder-1. Zc represents the 

impedance of the inductor connected between the converter and the isolation 

transformer and is equal to 0.5+ j1.57Ω. The converters are connected through a DC link 

at 35 kV, which consists of two 600 μF capacitors in series. The converter terminals of 

VSC2 (CT2) are connected to Feeder-2 through an isolation transformer identical to TC1 

(not shown in the figure). 

The dynamic response of the test network was investigated under various type 

of faults. Simulations were carried out for the La-G, La-Lb and La-Lb-Lc faults at location f 

(shown in Figure 3.11) on Feeder-1. A temporary fault occurs at simulation time t=1 s, 
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for a duration of 0.6 seconds. The duration of the fault was selected less than the time 

needed for the network protection devices to operate. Fault resistance was assumed to 

be negligibly small. Feeder-2 was assumed to be healthy (without fault) throughout the 

simulation. The network with SOP was studied under three main cases. 

3.5.2 Case 1: Behaviour of equivalent sequence network and its validity for 

different control schemes 

This case verifies the behaviour of equivalent sequence networks and illustrate 

their validity for different control schemes of VSC1, under different operating scenarios 

of the SOP. The three-phase voltages and currents measured at GCP1 were 

decomposed into symmetrical components for various faults. The equivalent sequence 

network developed for each fault was verified by matching the behaviour of measured 

values to the expected behaviour of their respective sequence network. The sequence 

voltages and currents at GCP1 are compared under different control schemes of VSC1 

during a fault (i.e. in the P-Q mode and the Vdc-Q mode).  

Extending from Section 2.3.3, an SOP can operate in all four quadrants of the P-

Q plane during normal (without fault) operating conditions of the network. This translates 

to four possible operating scenarios of an SOP.  

1. No power exchange; The SOP is in an ‘open tie-switch’ configuration with no 

P and Q exchange between Feeder-1 and Feeder-2; 

2. Q exported to Feeder-1; The SOP operates as a STATCOM providing Q 

support to the connected feeder (to Feeder-1 in this scenario); 

3. P imported from Feeder-1 and Q exported to Feeder-1; Q support to Feeder-

1 with controlled P transfer from Feeder-1 to Feeder-2; 

4. P and Q exported to Feeder-1; Q support to Feeder-1 with controlled P transfer 

from Feeder-2 to Feeder-1 (reverse direction of P flow as compared to 

Scenario 3). 

Importing Q from the feeder to SOP is not considered. Drawing of Q from the 

network is detrimental to the voltage profile in a radial distribution network, and is 

therefore not recommended. 

Each of the four scenarios listed above are achievable in the P-Q mode and the 

Vdc-Q mode. Fixed set points are used to simulate the above four scenarios. Details of 

the set points used for VSC1 and VSC2 are in Appendix C. The measurements were 

noted for simulation time t=1.1 s such that no transients are present. The sequence 
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voltages and currents for the four scenarios are tabulated. A bar chart for Scenario 4 

(from the list above) is used to illustrate the similarities of sequence quantities in the two 

modes of operation.  

Table.3.2 shows the detailed values of sequence voltages (in kV) for the four 

operating scenarios of SOP. The magnitudes of sequence voltages observed at GCP1, 

are consistent with the analytical values of the respective equivalent sequence networks. 

Vp is maximum for the La-G fault and least for the La-Lb-Lc fault. Vn is maximum for the La-

Lb fault. The magnitude of Vp and Vn are nearly equal for the La-Lb fault. No Vz is present 

in the La-Lb-Lc and La-Lb faults. Furthermore, the values are identical for a type of fault in 

each scenario. 

Similarly, Table. 3.3 shows the detailed values of sequence currents (in kA) for 

the four operating scenarios of SOP. The La-Lb-Lc faults are most severe with saturation 

current flowing through GCP1. During balanced faults, the grid voltage is nearly zero. 

This gives rise to errors in the computation of the angle θ using PLL, resulting in a non-

zero Vq value. Thus, small negative sequence voltage and currents are noted for 

balanced faults. For the La-G fault, Ip and In are nearly equal and considerable levels of 

Iz is present in the network. Although the sequence currents flowing from the grid to the 

fault point f remain the same, the sequence currents flowing at fault point f, changes due 

to the introduction of SOP at the end of the feeder. 
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Table 3.2 Symmetrical voltage components (in kV) and FI for two operating mode and various scenarios of SOP operation 
 

 

 

 

 

 

 

 

 

 

 

    

* Scenario used for Box plot;   ++ Scenario used for dynamic analysis of FI 
 

  

Fault on Feeder 1 @ t=1 s 
VSC1 in the P-Q mode VSC1 in the Vdc-Q mode 

FI Vp Vn Vz FI Vp Vn Vz 
L-

G
 F

a
ul

t 

No power exchange 0.15 4.55 1.62 1.97 0.16 4.47 1.45 2.02 

Q exported to Feeder-1 0.18 4.80 1.64 2.04 0.18 4.72 1.47 2.10 

P imported from Feeder-1 + Q exported to Feeder-1 0.17 4.73 1.64 2.01 0.17 4.61 1.45 2.07 

P and Q exported to Feeder-1*  ++ 0.17 4.78 1.65 2.06 0.19 4.81 1.49 2.12 

L-
L

 F
au

lt 

No power exchange 0.05 2.68 2.36 0 0.04 2.84 2.57 0 

Q exported to Feeder-1 0.07 3.06 2.58 0 0.08 3.22 2.68 0 

P imported from Feeder-1 + Q exported to Feeder-1 0.08 3.09 2.57 0 0.06 3.03 2.64 0 

P and Q exported to Feeder-1* 0.08 3.12 2.62 0 0.08 3.22 2.71 0 

L-
L

-L
 F

au
lt 

No power exchange 0.01 0.07 0 0 0.01 0.10 0 0 

Q exported to Feeder-1 0.06 0.48 0.07 0 0.06 0.47 0.07 0 

P imported from Feeder-1 + Q exported to Feeder-1 0.06 0.49 0.07 0 0.06 0.48 0.07 0 

P and Q exported to Feeder-1* 0.09 0.66 0.09 0 0.08 0.60 0.09 0 
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Table 3.3 Symmetrical current components (in kA) for two operating mode and various scenarios of SOP operation 

Fault on Feeder 1 @ t=1 s  
VSC1 in the P-Q mode VSC1 in the Vdc-Q mode 

Ip In Iz Ip In Iz 

L-
G

 F
a

ul
t 

No power exchange 0.03 0.13 0.90 0.04 0.18 0.92 

Q exported to Feeder-1 0.13 0.14 0.93 0.11 0.19 0.95 

P imported from Feeder-1 + Q exported to Feeder-1 0.17 0.14 0.92 0.16 0.21 0.95 

P and Q exported to Feeder-1* 0.20 0.15 0.93 0.17 0.21 0.96 

L-
L

 F
au

lt 

No power exchange 0.39 0.44 0 0.36 0.37 0 

Q exported to Feeder-1 0.33 0.46 0 0.30 0.41 0 

P imported from Feeder-1 + Q exported to Feeder-1 0.14 0.40 0 0.1 0.38 0 

P and Q exported to Feeder-1* 0.52 0.44 0 0.51 0.43 0 

L-
L

-L
 F

au
lt 

No power exchange 0.07 0 0 0.09 0 0 

Q exported to Feeder-1 0.72 0.06 0 0.74 0.06 0 

P imported from Feeder-1 + Q exported to Feeder-1 0.71 0.06 0 0.75 0.06 0 

P and Q exported to Feeder-1* 0.74 0.06 0 0.69 0.06 0 
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Figures 3.12(a) and (b) compare the sequence voltages for two control modes of 

the SOP. The bar charts illustrate the comparison for SOP operation scenario 4 

presented in Table 3.2. The bars in blue represent voltage at GCP1 when VSC1 is in the 

P-Q mode (and VSC2 is in the Vdc-Q mode) while bars in red represent voltage when 

VSC1 is in the Vdc-Q mode (and VSC2 is in the P-Q mode). The positive, negative and 

zero (if applicable) sequence voltages were observed to be nearly equal for both modes 

of VSC operation. Small variations are introduced due to difference in the controller 

parameters in each mode. 

Similar observations are made for currents flowing through GCP1. Figures 

3.13(a) and (b) compare the sequence currents for both SOP control modes presented 

in Scenario 4. The bars in blue and red represent currents through GCP1 when VSC1 is 

in the P-Q mode (and VSC2 is in the Vdc-Q mode) and when VSC1 is in the Vdc-Q mode 

(while VSC2 is in the P-Q mode) respectively. Currents from the SOP remain mostly 

unchanged for both modes of operation, with maximum difference of 0.06kA between 

the respective values.  
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Figure 3.12 Comparison of sequence voltages for different control modes of SOP 
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Figure 3.13 Comparison of sequence currents for different control modes of SOP 

 The trends of sequence values observed for various faults are consistent with 

the expected behaviour based on the equivalent sequence networks. It is clear that 
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sequence networks using classical fault analysis can be adopted to perform fault studies 

on a network with an SOP. Furthermore, this method is applicable for the network 

regardless of the control scheme of the VSC connected to the faulted feeder. 

3.5.3 Case 2: Capability of the SOP to detect various types of faults 

This case illustrates the capability of the FI to detect various types of faults. The 

dynamic response of the FI was analysed for a typical fault. FI was noted for each of the 

four scenarios in Case 1. The simulations were repeated to validate the FI under different 

loading conditions. The ability to detect balanced, unbalanced and ground faults was 

illustrated by comparing the values of FI with the defined threshold. A bar chart was 

plotted for Scenario 4 to illustrate the similarities of FI during different modes of operation.  

Figure 3.14 shows the dynamic response of the FI for the La-G fault in Scenario 

4. This scenario was selected as an extreme case, since the largest FI value was 

observed in this scenario. The steady state FI drops well below the threshold value within 

two cycles (0.04s) of the fault occurrence. This time does not include the measuring, 

computation and actuation time needed during real implementation. However, the 

measurements used for the calculation are available at the SOP controller for its 

operation and control, thus communication delay is negligible. The firing of the IGBTs 

can be blocked immediately after the value of FI drops below the threshold. It can be 

seen that the computation burden of calculating FI is negligible. Therefore the proposed 

method is considerably faster than the conventional current based detection method 

using relay and isolator which usually takes up to thirty cycles (0.6s) to detect a fault and 

isolate the SOP [90]. This illustrates the capability of the SOP to detect fault effectively. 

The FI values in each of the four scenarios, under different type of faults are 

included in Table 3.2. The reliability of FI was further investigated under different loading 

conditions. The FI was calculated for decreasing loading conditions with 75% and 50% 

of 1 MW/phase load at unity and 0.9 power factors. The results are shown in Table 3.4. 

The FI varies between 0.15-0.2 for the La-G fault, 0.04-0.08 for the La-Lb fault and 0.01-

0.09 for the La-Lb-Lc fault for different operating scenarios of the SOP. The FI was found 

to be well below the defined threshold of 0.9 for all types of faults, different SOP set 

points and loading conditions. Figure 3.15 illustrates a bar chart comparing the FI values 

for various faults under the two operating modes of SOP. The red bar is the defined 

threshold value of FI. The values are identical for both control modes. It is clear that FI 

is a simple and efficient method of fault detection in a distribution network with SOP, 

without the use of any additional devices.  



 

48 

 

Fault Studies of a Distribution Network with Soft Open Point 

 

Table 3.4 FI for various SOP operating scenarios under different loading conditions 

Fault on Feeder 1 @ t=1s; 

FI for VSC1 in P-Q mode FI for VSC1 in Vdc-Q mode 

Per phase loads (L1 and L2) in (MW) 

0.75MW 

@ 1 PF 

0.5MW 

@ 1 PF 

0.75MW 

@ 0.9 PF 

0.5MW 

@ 0.9 PF 

0.75MW 

@ 1 PF 

0.5MW 

@ 1 PF 

0.75MW 

@ 0.9 PF 

0.5MW 

@ 0.9 PF 

L-
G

 F
a

ul
t 

No power exchange 0.15 0.15 0.15 0.15 0.17 0.18 0.17 0.17 

Q exported to Feeder-1 0.16 0.16 0.16 0.16 0.2 0.19 0.19 0.19 

P imported from Feeder-1 + Q exported to 

Feeder-1 0.15 0.15 0.15 0.15 0.19 0.19 0.18 0.18 

P and Q exported to Feeder-1 0.17 0.17 0.17 0.17 0.2 0.2 0.20 0.20 

L-
L

 F
au

lt 

No power exchange 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

Q exported to Feeder-1 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 

P imported from Feeder-1 + Q exported to 

Feeder-1 0.05 0.05 0.06 0.06 0.05 0.04 0.04 0.04 

P and Q exported to Feeder-1 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.06 

L-
L

-L
 F

au
lt 

No power exchange 0.01 0.01 0.014 0.01 0.01 0.01 0.01 0.01 

Q exported to Feeder-1 0.06 0.05 0.06 0.05 0.05 0.07 0.05 0.06 

P imported from Feeder-1 + Q exported to 

Feeder-1 0.06 0.06 0.06 0.06 0.06 0.05 0.06 0.06 

P and Q exported to Feeder-1 0.07 0.07 0.07 0.07 0.07 0.08 0.07 0.07 
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Figure 3.14 Dynamic response of FI 

 L-G Fault L-L Fault L-L-L Fault
 

Figure 3.15 Comparison of FI for different control modes of SOP. 

3.5.4 Case 3: Correlation between of the sequence components (voltage/currents) 

and the SOP set points 

This case investigates the dependence of sequence voltages and currents on the 

SOP set points. The correlation between the sequence quantities at GCP1 for different 

P1* and Q1* set points of VSC1 during a fault, when VSC1 is in the P-Q mode, is 

investigated. 

The SOP can be operated in permissible set point prior to a fault. The power 

transfer through GCP1 during normal (without fault) operation follows the real and 

reactive power set points. In order to examine the effect of real power set point on the 
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sequence components, simulations are carried out for different values of P1* whilst Q1* 

equals to zero. P1* is varied from -5 MW to 5 MW in steps of 1 MW. The sequence 

voltages and currents at GCP1 are analysed.  

To analyse the results, the sequence quantities are grouped by the respective 

sequence. Therefore, the positive sequence voltages (or currents) during the three faults 

for different values of P1* are grouped in one plot. The negative sequence voltages (or 

currents) are grouped in the second plot. Similarly, the effect of reactive power set point 

is examined by varying Q1* from -5 MVAr to 5 MVAr in steps of 1 MVAr, keeping P1* at 

zero. The sequence quantities are similarly grouped for analysis. 

Figure 3.16 compares the positive sequence voltages for variation of P1* set 

points and Q1* set points. In this figure the solid line represents the sequence quantities 

for a range of P1* whilst set point Q1* =0 (marked on lower x-axis and y-axis). Similarly 

the dotted lines represent the sequence quantities for range of Q1* with set point P1* =0 

(marked on upper x-axis and y-axis). The colours red, blue and black plots indicates the 

La-G, La-Lb and La-Lb-Lc faults respectively. Figure 3.17 shows negative sequence with 

identical representation. 

Vp at GCP1 varies linearly based on the pre-fault operating condition of the SOP. 

It gradually drops with increasing power exported from Feeder-1 prior to the fault. 

Conversely, increasing power injection from SOP to feeder results in a gradual rise of 

voltage at GCP1. However, in comparison to real power injection, the slope of the voltage 

drop is slightly greater for reactive power injection. Figure 3.17 shows similar results for 

Vn. Slight droop is observed in variation of negative sequence voltages for changes in 

P1* and Q1* set points. Similar droop is observed for the zero-sequence voltage in the 

La-G fault. However, the percentage variation is very low over the range of set points. 

Therefore, the negative and the zero sequence voltages at the SOP grid connection point 

are almost unaffected by the pre-fault operating condition of SOP during fault analysis 

on a network with SOP. 

In the La-Lb-Lc fault, the droop in the sequence voltages is less evident since the 

network voltage during the fault is significantly low. It is noteworthy that the SOP terminal 

voltage during a La-Lb-Lc fault is zero when the SOP is operated at zero set points. This 

is because the SOP behaves as an open point on the network when it is operated at zero 

set point. As illustrated in Case 1, the voltage values depend upon the type of fault and 

consequently upon the equivalent sequence network connection. However, regardless 
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of the type of fault, the trend of voltage variation is consistent for corresponding change 

in real and reactive power flow through the SOP terminals. 

In a distribution network, the injection of real and reactive power affects the 

voltage at the node due to their large R and X ratio [88], as discussed in section 3.3.1. 

Figure 3.16 and 3.17 substantiate this behaviour in the test network with the SOP. 

Negative values of the set points indicate injection of power into Feeder-1 from the SOP 

in all the following figures and analysis. 

Figure 3.18 and 3.19 show the positive and negative sequence currents with 

variation of the P1* and Q1* set points. For the La-G fault there is a steep, linear rise in 

the magnitude of the currents with the increase in P1* and Q1* regardless of the direction 

of power flow prior to the fault. In contrast to the La-G fault the sequence currents in the 

La-Lb fault has a nonlinear relation to the set points. In addition, the variation in currents 

for changes in P1* and Q1* shows dependence on the polarity of set points and appears 

converse to each other.  

For the La-Lb-Lc fault, the sequence currents are largely uniform and unaffected 

by changes of set points (for non-zero set points). For zero set point, the behaviour of 

SOP is consistent with an open circuit with no current flowing through the SOP. 

The variation of currents with changes in set points is similar for a given type of 

fault, but varies considerably for different type of faults. Unlike the sequence voltages, 

the sequence current injection shows a nonlinear dependency to the pre-fault condition. 

Further investigation is required to generalise the current response of the SOP under 

different faults. However, this clearly illustrates the need for a non-current based method 

for fault detection at the grid connection point of the SOP. 
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Figure 3.16 Positive sequence voltage for range of P1* set points, Q1* =0 (solid 
lines); Range of Q1* set points, P1* =0 (Dotted lines). 
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Figure 3.17 Negative sequence voltage for range of P1* set points, Q1* =0 (solid 
lines); Range of Q1* set points, P1* =0 (Dotted lines). 
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Figure 3.18 Positive sequence current for range of P1* set points, Q1* =0 (solid 
lines); Range of Q1* set points, P1* =0 (Dotted lines). 
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Figure 3.19 Negative sequence current for range of P1* set points, Q1* =0 (solid 
lines); Range of Q1* set points, P1* =0 (Dotted lines). 
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3.6 Summary 

The performance of a medium voltage distribution network with an SOP was 

investigated, under grid-side AC faults. An averaged model of an SOP, suitable for 

dynamic study was used for this purpose. Equivalent sequence networks were 

developed for a network with an SOP under a line-ground fault, a line-to-line fault and a 

three-phase fault. The positive, negative and zero sequence components of the network 

were combined with the corresponding sequence components of the SOP to generate 

equivalent sequence network for each type of fault. Fault analysis using this 

representation was verified by simulations carried out on a generic UK distribution 

network with connected SOP. Their behaviour was compared for both P-Q and Vdc-Q 

modes of SOP operation. The correlation between the sequence voltages and currents 

at the SOP grid connection point were and the pre-fault set points of the SOP were 

studied.  

A simple yet effective method of fault detection was formulated. The FI quantifies 

the unbalance in the network normalised by the nominal voltage. The positive, negative 

and zero sequence components of the voltage at the grid connection point of the SOP 

were used for this purpose. This method was found to be effective for AC fault detection 

in a network with an SOP for different type of faults and loading conditions. 
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Chapter 4 Fault Diagnostics in Distribution Networks 

with Soft Open Point 

4.1 Introduction 

In Chapter 3, an SOP was integrated in the fault studies for a simple radial 

network without considering any switching devices on the network. This chapter extends 

the studies to a radial network considering switching devices whose operation is 

governed by FA. It is common for distribution feeders to have FA, therefore it is important 

to investigate the impact of introducing an SOP on such distribution networks. 

 The interactions of an SOP with a D-FA scheme during an AC fault were 

investigated. Operation of the SOP is extended beyond its fault ride-through capability, 

to be integrated with dynamic operation of a distribution network. A diagnostic mode was 

developed to operate the SOP during grid-side faults such that the SOP can be used for 

fault diagnostics of the network. A new D-FA scheme was proposed in which the 

sequence of FA events is coordinated using an SOP. Simulations were carried out on an 

11kV generic UK distribution network model with an existing FA scheme. The model was 

developed in PSCAD/EMTDC. 

4.2 Conventional D-FA scheme 

A number of FA schemes are utilised in distribution networks as discussed in 

Section 2.2.3. The detailed sequence of events in an existing FA scheme during 

temporary and permanent network faults are discussed in this section. The sequence of 

events corresponds to the automated circuit type-A in 11 kV, East of England distribution 

network operation, in the licensed areas of UK Power Networks (UKPN) plc [31]. It is a 

form of D-FA scheme in a simple network with two auto reclosers and a tie switch at the 

NOP. All devices in this scheme are equipped with remote operation capability. 

4.2.1 Sequence of events in a conventional D-FA Scheme. 

Figure 4.1 shows a radial feeder with remotely-operable auto-reclosers 

designated R1 and R2. It is connected to another feeder (not shown in the figure) through 

a tie switch which is a normally-open point that allows the two feeders to operate radially. 

Auto-reclosers are equipped with control units that initiate a number of reclose attempts 
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called shots, after a pre-set dead time (ΔDtn; where n corresponds to the nth shot) 

between each shot [32]. ‘f ’ is the location of a fault on the radial feeder as illustrated. 

R1

Feeder-1

f R2 NOP

Feeder-2

-Open
-Closed

 

Figure 4.1 Typical distribution network 

 

The devices undergo a sequence of events following a fault on the network as 

illustrated in Figures 4.2 and 4.3. The status ‘0’ represents an open (OFF) state and ‘1’ 

represents a closed (ON) state of the auto-recloser. The open and close operations of 

the devices are not instantaneous. However, for simplicity the transitions are shown as 

vertical lines in this illustration. The time stamps t0, t1…tn are indicative of events in the 

FA sequence and are not to scale. It is assumed that a fault occurs at t = 𝑡 . 

Figure 4.2 illustrates the auto-recloser status for a temporary fault at location f on 

the feeder. R1 detects the fault current flowing through it and opens at t = 𝑡  following 

the relay operation time  ∆𝑡 = (𝑡 − 𝑡 ). R1 attempts the first shot after a dead time 

of  ∆𝐷𝑡 = (𝑡 − 𝑡 ). R1 opens again since the fault persists and attempts a second shot, 

with dead time ∆𝐷𝑡 = (𝑡 − 𝑡 ). R1 closes onto a healthy network during its second shot 

since the fault was cleared before 𝑡 . The internal counters and timers within the control 

units are reset. Temporary faults are normally cleared before the final shot. Therefore, 

normal operation of the network is restored without the DNO’s intervention [32]. 

A permanent fault persists longer than the duration required to complete the 

allowable number of shots. The shots continue till the maximum count is attained, as 

illustrated in Figure 4.3. A maximum of three shots are used in this illustration. The device 

locks out in the open state during its final shot. R1 locks out at 𝑡 . This then triggers the 

downstream device R2 to open (at 𝑡 ) isolating the faulted section between R1 and R2. 

R2 is prevented from attempting shots since it is triggered by a lockout from R1. The 

NOP is then closed (at 𝑡 ) to restore power to the healthy section between the NOP and 

R2. The operation of the network remains the same for all fault locations within a feeder 

section. The relays are current-time co-ordinated to ensure that only the first circuit 

breaker upstream to the fault location trips. 
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1st “SHOT” 2nd “SHOT”

t0 t1 t2 t3 t4 t5
Fault

Closed (1)

Open (0)

Closed (1)

Open (0)

Closed (1)

Open (0)

Time

R1 
status

R2 
status

NOP Δt1 ΔDt1 Δt2 ΔDt2 

 

Figure 4.2 Sequence of D-FA events for a temporary fault 

 

 

1st “SHOT” 2nd “SHOT” 3rd “SHOT”

R1 Open 
(Lock-out)

t0 t1 t2 t3 t4 t5

Fault
t6 t7

R2 Open 
(Lock-out)

Closed (1)

Open (0)

Closed (1)

Open (0)

NOP close 

Closed (1)

Open (0)

Timet8

R1 
status

R2 
status

NOP

 

Figure 4.3 Sequence of D-FA events for a permanent fault 
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4.2.2 Impact of using SOP on conventional D-FA scheme 

The network shown in Figure 4.4 is used to study the interactions between an 

SOP and a D-FA scheme. The NOP in the network shown in Figure 4.1 is replaced by 

an SOP and the behaviour of the network is then analysed during a balanced fault 

assuming that the SOP remains operational and connected to the network throughout 

the fault. The operation of the network with a NOP/tie switch (without the SOP) described 

in Section 4.2.1 is used as a base case for comparison. Interactions between FA and the 

SOP are analysed considering two scenarios: 

a) During a faulted condition: when the auto-recloser is opening; and  

b) After the fault is cleared: during the reclosing attempt. 

 

R1

Feeder-1

f
SOPR2

Feeder-2
(VSC1) (VSC2)

 

Figure 4.4 Typical distribution network with SOP 

 

4.2.2.1 Behaviour of a network during auto-recloser opening (During fault) 

This case focuses on the network behaviour with the SOP when the auto-recloser 

interrupts the fault current. A fault of one second duration is applied at location ‘f’, at 𝑡 =

2 s of simulation time. The VSC connected to the faulted feeder (i.e. VSC1) can be 

operated either in the P-Q mode or Vdc-Q mode. Simulation results are reported for both 

control modes of the VSC. 

1. Fault in Feeder 1 when VSC1 is in P-Q control and VSC2 is in Vdc-Q 

control. 

If the SOP has zero power transfer (i.e. P1* = 0 and Q1* = 0) through VSC1 prior 

to the fault, R1 isolates the fault. The SOP does not contribute any current to the faulted 

feeder. In this case the sequence of events in the feeder automation scheme is not 

interrupted. During the fault VSC2 can continue to provide reactive power support to the 

unfaulted Feeder 2. 
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However, feeder automation is disrupted for non-zero power exchange through 

VSC1 prior to the fault. Considering the SOP set points of (P1*, Q1*) = (0.5 MW,0.5 

MVAr)  and (Vdc*, Q2*) = (35 kV, 0.5 MVAr) as a typical operating scenario, the status 

of auto-reclosers R1(designated R1_st) and R2 (designated R2_st)  is observed during 

a fault on Feeder 1. Figure 4.5 shows the phase current (Ig) flowing through the SOP grid 

connection point. During a fault, R1 responds to the fault current and opens according to 

the FA scheme. A steady rise in the current is observed flowing from the SOP, and 

continues to flow into the fault even after R1 opens.  The current rises until it reaches a 

threshold imax. However, this current flowing into the faulted network is greater than the 

pick-up current of R2. R2 opens to interrupt the current from the SOP disrupting the 

sequence of FA operation.  

 

Figure 4.5 Recloser status and converter current for a temporary fault on feeder 
connected to P-Q controlled VSC. 

 

2. Fault in Feeder 1 when VSC1 is in Vdc-Q control and VSC2 is in P-Q 

control. 

The SOP retains its pre-fault state when P2* = 0 and Q1* = 0, making no 

contribution to the faulted feeder. For non-zero set points, the SOP injects current into 

the fault even after the opening of R1, as observed in the P-Q control. Figure 4.6 shows 

the phase current (Ig) flowing through the SOP grid connection point. The status of auto-

reclosers R1 and R2 for a typical set points of (Vdc*, Q1*)   = (35 kV, 0.5 MVAr) and (P2*, 

Q2*) = (0.5 MW, 0.5 MVAr). The rise in SOP current disrupts the sequence of FA 

operation. In addition, there is a drop in the DC link voltage as illustrated in Figure 4.7. 

Consequently, R2 opens faster than when the VSC was in P-Q mode.  

It is notable that the direction of initial power transfer impacts the tripping time of 

R2. However, disruption of the feeder automation is independent of the initial direction 

of power transfer (i.e. polarity of set points).  
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Figure 4.6 Recloser status and converter current for a temporary fault on feeder 
connected to Vdc-Q controlled VSC. 

 

Figure 4.7 Voltages during temporary fault on feeder connected to Vdc-Q controlled 
VSC. 

 

4.2.2.2 Behaviour of a network during reclosing attempt (Fault cleared) 

Following the opening of R1 after a fault, the voltage at the grid connection point 

(Vac) is not sustained. The power transfer from the VSC terminals to the feeder is not 

possible and the energy is stored in the reactor. The VSC controller responds by 

increasing the magnitude of the control signals (i.e. id* and iq*) to compensate the 

difference between the actual power flowing through its terminals and the active and 

reactive power set points. The rate of increase depends on the gains of the PI controller. 

R1 attempts to reclose during its first shot after a dead time (of 1s in this 

simulation). Ignoring the disruption to FA sequence during fault interruption, the SOP is 

engaged to a live bus following a temporary fault on Feeder 1. The voltage at the 

converter terminals attempts to build up to transfer power. It is observed that the SOP 

loses synchronisation with the grid. A non-sinusoidal voltage is produced, leading to 

disruption of the network as shown in Figure 4.8. A transient current rise is observed due 

to variations in the phase angle of the grid voltage and the phase angle of the reference 
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voltage.  This variation leads to an improper voltage reference for the PLL during and 

after the fault. 

 

Figure 4.8 Recloser status and converter current during reclosing after a temporary 
fault. 

 

4.3 Conventional D-FA scheme with SOP 

In conventional operation the SOP has no role during a fault on the AC network 

[77]. An SOP acts as a current source during a fault on the network as discussed in 

Chapter 3. Therefore, the SOP is simply disassociated from the FA sequence to prevent 

disruptions caused by the current injected from the SOP. Network restoration is then 

achieved through manual switching between power control mode and restoration mode 

of the SOP [51], [73]. The two operating modes are discussed in further details in the 

following subsections. In a classical vector-control method that is used to operate the 

VSCs, the variables in the direct (id) and quadrature (iq) axis allow independent control 

of parameters such as real power, reactive power, frequency, AC terminal voltage and 

DC link voltage. The control parameters are selected based on the operating mode of 

the SOP. 

1. Power control mode  

An SOP is operated in the power control mode during unfaulted, grid-connected 

condition. Control philosophy of this operating mode was discussed in Chapter 3 and it 

was shown to comprise of a two-level cascaded control system that includes an outer 

power loop and an inner current loop.  The VSC control schemes are switchable between 

the P-Q, Vdc-Q, Vdc-Vac and P-Vac while operating in the power control mode. The 

converter terminal voltages (Va, Vb, Vc) are calculated through inverse Park’s 

transformation of the voltage reference signals, which are then used as the modulating 

signals to fire the IGBTs.  
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2. Restoration mode 

Restoration mode is used when there is a grid fault, and the circuit breakers 

and/or reclosers have isolated the fault. The SOP is then used to supply the section of 

network without power supply. This mode is used to resume power supply to the un-

faulted out-of-service loads.  

When one of the SOP terminals is disconnected from the main grid the voltage 

at the grid connection point of the VSC is no longer dictated by the grid. This leads to a 

voltage and/or frequency excursion in the network. Therefore a strategy to control the 

terminal voltage and the grid frequency is employed [73]. The voltage is controlled 

through the variable in the direct axis (Vd*), and the frequency is controlled through the 

variable in quadrature axis (Vq*) of the synchronously rotating reference frame. This 

control scheme is applicable to the VSC connected to the feeder but disconnected from 

the grid. The VSC connected to the unfaulted feeder that is supplied from the main grid 

continues to operate in the Vdc-Q or Vdc-Vac control scheme. It is essential to maintain the 

DC voltage, which in turn ensures the balance of active power flowing through the SOP.  

Figure 4.9 shows the control scheme for the restoration mode. Vd* is controlled 

at a value of 𝑉 = 2 3⁄ 𝑉  and the Vq at zero using closed loop control. Vac* is the 

desired line-line RMS voltage for the islanded network operation. The multiplication 

factor is used since Parks transformation is based on the peak phase voltage. The 

angular frequency reference is generated using the same voltages as the PLL inputs. 

This ensures a stable voltage reference since Δω remains zero. The restoration mode 

controller is not impacted by the cross-coupling inductances in voltage loop [51], [73]. 

The outputs of the controllers form the voltage reference signals which are then used to 

generate the converter terminal phase voltages (Va, Vb, Vc) through inverse Park’s 

transformation similar to the power control mode. 

Vd*
+-

+-

PI

PI

Vac q

0

√2/3Vac*

Vac d

Vd*

Vq*

 

Figure 4.9 Control scheme for the restoration mode 
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4.3.1 Sequence of events in a conventional D-FA Scheme with SOP. 

Figure 4.10 illustrates the conventional operating sequence of a D-FA scheme 

on a network with an SOP. The SOP normally operates in the power control mode. The 

SOP is isolated when a fault is detected. Typically, grid-connected VSCs have fault ride-

through capability. However, this is applicable for transient faults in the range of few 

milliseconds [80]. For faults of longer durations, the VSC connected to the faulted feeder 

is isolated from the network using separate fault management devices [94]. The network 

protection devices then operate in a sequence governed by the FA scheme.  

(2) Fault?

(1) Power control mode

YES

NO

(4) Restoration mode 
(externally through DNO)

(3) SOP isolated

(1) Normal operation in Power control mode
(2) Fault detection mechanism
(3) Faulted VSC isolated , SOP disassociated form FA

(4) SOP switched to Restoration mode manually by DNO

 

Figure 4.10 Conventional sequence of operation in a network with SOP 

 

Figures 4.11 and 4.12 illustrate the sequence of operation followed by a network 

with an SOP (shown in Figure 4.4) during temporary and permanent faults respectively. 

When there is a fault at ‘f’, R1 starts the programmed open-close sequence following the 

disconnection of the SOP. The sequence of operation followed by the network is identical 

to the FA sequence in a network without an SOP. The relay operating times (Δtn) and 

dead times (ΔDtn) remain unaltered. The sequence continues until either the network is 

restored for a temporary fault or the auto-recloser locks out in case of a permanent fault. 

The network operator then reconnects the SOP to the network after the sequence is 

completed. The applicable operating mode for the SOP is selected; the power control 

mode for grid-connected healthy network operation or the restoration mode to resume 

power supply to the un-faulted out-of-service loads. However, in both cases reconnection 

of the SOP is not a part of the FA sequence of events. External intervention from the 

DNO is needed to make this reconnection.  
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1st “SHOT” 2nd “SHOT”

t0 t1 t2 t3 t4 t5
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Closed (1)
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R2 
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Power 
control 
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Δt1 ΔDt1 Δt2 ΔDt2 

 

Figure 4.11 Sequence of D-FA events in a network with SOP for a temporary fault 
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Figure 4.12 Sequence of D-FA events in a network with SOP for a permanent fault 
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4.3.2 Drawbacks of D-FA schemes using auto-reclosers  

Conventional D-FA schemes using auto-reclosers have a number of 

disadvantages. As a consequence, networks have longer restoration times and result in 

considerable degradation of the network assets. Furthermore there are no improvements 

in the FA performance with the inclusion of an SOP. The main disadvantages and 

limitations of the conventional FA scheme are listed below. 

1. Fixed dead times: The minimum dead time between each shot is calculated based 

on the dielectric strength of the interruption medium and the historical data of fault 

durations on a given network [32], [95]. Insufficient dead time will lead to incomplete 

discharge of stray charges on the switching contacts and thus reduce the fault 

interrupting capacity of the device. In addition, when reclosers are coupled with 

classical electromechanical relays, time needed for the induction discs to rotate 

should also be taken into consideration. Therefore the restoration time is limited by 

the dead time of the auto-recloser which is in the range of 0-5s for first shot, 11-20s 

for second shot and 10-30s for the third shot [32]. 

2. Total Number of shots: Operation of auto-reclosers varies according to the 

manufacturers, age and programmed logic within the controller. Selecting the 

number of recloser shots is a trade-off between the probability of network restoration 

and the asset degradation. In many networks it is common to operate auto-reclosers 

on three shots. The device is de-rated if it is operated more than the set number of 

shots or if operated within the dead times [96]. 

3. Degradation of the equipment: Auto-reclosers are typically designed to operate up to 

2500 operations [22]. The number may vary slightly depending on the manufacturer 

specifications. Repeated shots lead to degradation of auto-reclosers’ switching 

contacts and require more maintenance. In addition network components (i.e. cables, 

wires, transformers and connectors) are subjected to thermal and mechanical stress 

during each shot [96]. 

4. Voltage sag on adjacent networks: An auto-recloser closes on to a fault during each 

shot. Consequently, there could be a voltage sag on its adjacent circuits. Typically, 

a strong grid can ride through this sag. However, the magnitude and duration of the 

sag are dependent on the device used and can be detrimental to the network [96]. 
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4.4 Network diagnostics using SOP  

4.4.1 Diagnostic mode of SOP operation 

The diagnostic mode is defined to operate the SOP during a fault, after the 

primary network protection devices open and before the network restoration is carried 

out. This mode is applicable for the VSC connected to the faulted feeder. The other VSC 

remains connected to an unfaulted feeder and controls the DC link voltage. Throughout 

this study it is assumed that only one of the feeders connected to the SOP is faulted. 

The diagnostic mode is not applicable if both the feeders connected to the SOP are 

faulted.  

In the diagnostic mode, balanced three phase voltages are used as the 

modulating signals for the VSC connected to the faulted feeder. This VSC is operated in 

an open loop configuration at a low modulation index. A nominal operating voltage of 

0.1pu of the network rated voltage is selected. A low operating voltage of the diagnostic 

mode enables continuous operation of the SOP during a fault. This ensures that the 

power electronic switches and other devices are not damaged throughout the diagnostic 

process. This study focuses on investigating the capability of an SOP to perform fault 

diagnostics. Determination of the optimum operating voltage of the SOP in the diagnostic 

mode is not in the scope of this thesis. 

During the diagnostic mode operation, the voltage at the grid connection point 

follows the converter since the feeder is no longer connected to the main grid. Therefore, 

prevalent network condition in the section between the converter and the open circuit 

breaker is characterised by the current and the voltage at the grid connection point of 

the SOP. The currents flowing through the SOP terminals and the corresponding voltage 

drop at the grid connection point are quantified to distinguish between a faulted and an 

unfaulted condition of the network. The current and voltage measurements are then used 

to determine the type and location of a fault in the radial distribution network. In the 

following subsections details of individual protection aspects of the diagnostic mode are 

described. 

4.4.1.1 Fault detection  

Figure 4.13 illustrates a typical radial feeder having a fault at section 2. Zg 

represents the line impedances of each section and Zc  is the converter impedance. L1 

and L2 are two three-phase balanced loads. Shortly after a fault at point ‘f’, the section 

of the feeder including loads L1 and L2 is islanded since the circuit breaker (R1) is open. 
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The SOP is then operated in the diagnostic mode. The VSC1 connected to the faulted 

feeder behaves as a voltage source. The voltages and currents are measured at the grid 

connection point (GCP1) of the SOP and the faulted Feeder-1. The sequence 

components of the measured voltages and currents are calculated and then used as a 

decision variable for network diagnostics.  

Zc

GCP1

Zg

(VSC2)(VSC1)

f Zg

L1 L2

Feeder-1 
(Faulted)

To Feeder-2
(Unfaulted)SOP

Zg

-Open

R1 123

-Closed
 

Figure 4.13 A typical radial feeder connected to an SOP in diagnostic mode (during 
an AC fault) 

The fault analysis technique using sequence components described in Chapter 

3 is extended to the diagnostic mode. The mathematical formulation of the Fault-Index 

(FI) defined in the Section 3.4.3 is applicable for the diagnostic mode after a minor 

modification. Instead of using the network rated voltage, the nominal voltage of the 

diagnostic mode operation is used to normalise the sequence voltages. The FI is defined 

in Equation. (4.1).  

𝐹𝐼 =
(𝑉  − (𝑉  + 𝑉  ))

(𝑉  )
 (4.1) 

where 𝑥 represents phases a, b, or c. 𝑉  is the root mean square value of 

positive sequence voltage, and 𝑉  is the RMS value of the negative sequence voltage 

and 𝑉  is the zero-sequence voltage. 𝑉   is the nominal RMS voltage of the VSC 

during diagnostic mode, and it is assumed to be 0.1pu in this study. The threshold 

defined for FI in power control mode is applicable for the diagnostic mode.  Therefore a 

FI value less than 0.9 indicates the presence of a fault on the network. 

4.4.1.2 Determination of fault location and fault type 

A number of algorithms are described in the literature to determine fault location 

in power networks. Common methods include the impedance method, travelling wave 

method and method using digital fault recorders [97], [98]. In the diagnostic mode, the 

location of a fault is estimated by calculating the apparent impedance of the network with 
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single-end measurement, similar to a distance relay. The algorithm based on impedance 

calculation using single-end measurement is advantageous since it is simple to 

implement, does not require any communication or remote measurements and can 

deliver reasonably accurate results [97]. 

Figure 4.14 illustrates an equivalent single line diagram of the radial feeder shown 

in Figure 4.13. The SOP operating in the diagnostic mode is shown as a voltage source 

connected at one end of the feeder. Vg and Ig are the respective phase voltage and line 

current measured at the grid connection point GCP1. ‘d’ is the per unit distance of the 

fault from GCP1 defined with the total feeder length (D) as base. If is the fault current at 

point f and R is the fault resistance. Zapp is the apparent positive sequence impedance 

as seen from the GCP1. Using Kirchhoff’s law, the impedance seen from GCP1 can be 

calculated according to Equation. (4.2) [99]. 

Assuming the fault resistance is negligibly small, Equation. (4.3) is generalised 

for all types of short circuit faults. Therefore, the distance of the faulted section (d) from 

the measurement point can be estimated as a ratio of the total line impedance (ZD = Zapp 

+ Z1). 

GCP1Z1

f

Zapp

Ig
Feeder-1

If

Vg

d
D

 

Figure 4.14 Equivalent single line diagram of the radial feeder in diagnostic mode 

𝑍 =
𝑉

𝐼
 = 𝑑𝑍 + 𝑅

𝐼

𝐼
  (4.2) 

𝑑 =  (in pu) (4.3) 

The voltage and current in the network depend on the fault type which is uniquely 

characterised by three conditions of line currents and the respective phase voltage. The 

conditions for a line-to-ground fault (La-G), a line-to-line fault (La-Lb), and a three-phase 

fault (La-Lb-Lc) fault in a network are listed in Table 4.1. Similar equations can be written 

for faults involving other phases.  
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Classical fault studies described in Chapter 3 are used to calculate the sequence 

currents and voltages applicable for each type of fault. The apparent positive sequence 

impedance can be calculated by using the fault-loop in the equivalent sequence network 

applicable for the respective fault type. The corresponding equations to calculate Vg and 

Ig values are shown in Table 4.2. 

Table 4.1 Fault type determination criteria [89] 
 Fault type determination criteria  

(without loads) 
Type of fault Voltage 

conditions 

Current 

conditions 

La-G 𝑉 = 0 𝐼 = 𝐼 = 0 

La-Lb 𝑉 = 𝑉  𝐼 = −𝐼 ;  𝐼 = 0 

La-Lb-Lc 𝑉 = 𝑉 = 𝑉  𝐼 + 𝐼 + 𝐼 = 0 

 
Table 4.2 Equations for voltage and current at GCP1 for respective faults [97], [98] 

 Voltage and Current at GCP1 

Type of fault Vg Ig 

La-G 𝑉  𝐼 +
𝑍 − 𝑍

3𝑍
𝐼  

La-Lb 
𝑉 − 𝑉  𝐼 − 𝐼  

La-Lb-Lc 

𝑍  is the zero-sequence line impedance and 𝑍  represents positive sequence line 

impedance. For earth faults, the phase to neutral voltage and line current including its 

zero-sequence component (𝐼 ) are used. For phase faults, phase to phase voltages and 

currents are used. Any two phases can be used for a three phase fault [89].  

4.4.2 The proposed D-FA scheme with the sequence of events coordinated by the 

SOP 

An FA scheme using SOP is achieved by combining the diagnostic mode 

operation of an SOP with the power control and restoration modes described in Section 

4.3. The SOP in the diagnostic mode is used to coordinate the FDIR process such that 

automatic transition between operating modes can be achieved. Figure 4.15 illustrates 

the operating sequence using diagnostic mode. Following an AC fault on the network, 

the SOP switches to the diagnostic mode (after the main circuit breaker opens) and 

determines the presence, type and the location of the fault. This enables the SOP to 

automatically select the desired operating mode following a fault without intervention of 

the DNO.  
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(2) Fault?

(3) Diagnostic mode

(1) Power control mode

YES

NO

(4) Fault 
Temporary?

YES

NO

(5) Restoration mode

(1) Normal operation in Power control mode
(2) Fault detection mechanism
(3) SOP switched to Restoration mode 
(4) Fault diagnostics 
(5) Automatic switch to Restoration mode if fault is  
permanent 

 

Figure 4.15 Proposed sequence of operation using diagnostic mode 

In this scheme, when the SOP is operated in the power control mode during grid-

connected operation, AC faults are detected using the FI threshold discussed in Chapter 

3. Following the fault ride-through period, an error suppressor is engaged in the controller 

to prevent the VSC from injecting currents into the fault. The firing signals of the IGBTs 

are subsequently blocked. The VSC connected to the faulted feeder remains blocked 

until the contacts of auto-recloser/circuit breaker open to isolate the fault current flowing 

from the grid. This is necessary since an SOP responds faster than conventional 

protection devices. Blocking the VSC ensures that the SOP is dissociated from the 

faulted network but remains connected to the feeder. The auto-recloser is prevented 

from attempting reclosing shots and the control units are programmed to wait for a 

remote close command to be received from the SOP. The SOP is then unblocked 

allowing its operation in the diagnostic mode. 

Figure 4.16 shows the sequence of operation for a temporary fault on the radial 

network shown in Figure 4.4. The VSC connected to the faulted feeder is blocked 

following the detection of a fault at time t = t1. The VSC remains blocked for a duration 

of ΔT1, till R1 opens at t = t2. The opening of R1 triggers the SOP to be unblocked in the 

diagnostic mode of operation. The SOP operates continuously in the diagnostic mode. 

The fault diagnostics is carried out as described earlier. The network is said to be healthy 

when the value of FI is maintained above the threshold for a duration of six AC cycles 

(ΔTr =0.12 s). This time is sufficient for the value of FI to reach a steady state. Following 

the confirmation time ΔTr, a remote close command is issued to R1. The SOP is switched 

back to power control mode. A hard switch from diagnostic mode to the power control 

results in momentary current spike at the grid connection point. Therefore a synchronous 

controller is used for smooth transition between control modes. The details of the design 

of the synchronous controller are described in [73]. During reconnection the set points of 

SOP are initially maintained at zero. These are then ramped up to desired levels after 
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voltage phase angle and magnitudes are synchronised with the original feeder in order 

to avoid excessive transients. The network then resumes normal operation.  

Figure 4.17 illustrates the sequence of events for a permanent fault. The 

operation of the network and SOP is similar to the steps described above. If the value of 

FI is below the threshold for a pre-defined duration ΔTp, the fault is said to be permanent. 

The value of ΔTp is defined by the network operator. The faulted section is determined 

within ΔTp by the SOP in the diagnostic mode. An open command is issued to R2. The 

faulted section is thus isolated between R1 and R2. The SOP is then operated in the 

restoration mode to feed the healthy network between the SOP and R2.  

t0 t1 t2 t3 t4

Fault

Closed (1)

Open (0)

Closed (1)

Open (0)

Time

R1 
status

R2 
status

SOP

Power 
control 
mode

Power 
control 
mode

Diagnostic 
mode

ΔTr Δt1 

 

Figure 4.16 FA scheme using diagnostic mode of SOP for a temporary fault 
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Figure 4.17 FA scheme using diagnostic mode of SOP for a permanent fault 
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4.4.3 Benefits of using SOP for FA in comparison to using auto-reclosers 

Using SOP for fault diagnostics helps overcome the disadvantages of the 

conventional D-FA scheme. The main benefits of using SOP in comparison to an FA 

scheme using auto-reclosers are listed below. 

1. No dead time: The diagnostic mode operation in an SOP is carried out 

through IGBT switch operation. There are no concerns of dielectric strength 

of switching contacts like in mechanical switches. Therefore, the restoration 

is no longer subject to the limitations of dead time of D-FA. Suitable 

restoration times may be selected by the operator based on the 

requirement of the network. 

2. Elimination of Shots: Due to the continuous operation of the diagnostic 

mode the need for shots is eliminated. Consequently, the repeated 

disturbances on the network are also eliminated. 

3. Improvement in the CML: In the UK, the regulator OFGEM specifies the 

customer minutes lost (CML) targets for the DNOs. CML is a performance 

index defined as the ratio of the sum of durations of all customers 

interrupted to the total number of connected customers, during a given 

period. The continuous operation of diagnostic mode directly translates to 

an improvement in the restoration time and consequently reduces CML. 

4. Flexibility to choose restoration time: Selection of the restoration time (total 

number of shots in the conventional method) is no longer associated with 

the asset degradation. The pre-set time to determine a permanent fault may 

be optimised to best suit the requirements of the network.  

5. Longer lifetime of existing assets: The assets are predominantly operated 

within the normal operational limit during the diagnostic mode operation. 

Therefore, degradation of assets due to repeated exposure to fault current 

is eliminated. 

6. Elimination of repeated voltage sag on adjacent networks: There is no 

stress on the adjacent feeder(s) or on the SOP through the restoration 

process since the SOP operates within normal operational limits, and 

without repeated shots.  

7. Economical and not exclusive to specific switching device: This scheme 

does not require specific switching devices in a network. Desired network 

operation can be achieved using remote controlled switches that are 

usually substantially cheaper than auto-reclosers.  
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4.5 Simulation results 

4.5.1 Test network 

The test network shown in Figure 4.18 is used to simulate a network with an SOP. 

The network was modelled in PSCAD/EMTDC. The test network consists of two radial 

feeders connected through an SOP of 6 MVA capacity. Feeder 1 has three sections, 

each has a length of 1km. Feeder 2 (not shown in the figure) is identical to Feeder-1. 

The line parameters are taken from a 11 kV generic UK distribution network [92]. Zg 

represents the line impedance of a section. Each 1km section has a positive (Zg
p) and 

negative sequence impedance (Zg
n) of 0.164+j0.321 Ω, and zero sequence impudence 

(Zg
z) of 0.542+j0.426 Ω [93]. L1 and L2 are two three-phased balanced lumped loads of 

3 MW, at a power factor of 0.9. R1 is an overcurrent-based circuit breaker in open status 

after interrupting a fault on the network. S1 is a remotely operated switch, which remains 

in closed position until an open command is received.  Simulations are carried out for 

different types of faults on feeder sections 1, 2 and 3. 

Zc

GCP1

Zg

(VSC2)(VSC1)

f
Zg

L1 L2

Feeder 1 
(Faulted)

To Feeder 2
(Unfaulted)SOP

Zg

-Open

R1

-Closed

S1

3 2 1

 

Figure 4.18 Test Network 

4.5.2 Case 1: Fault type identification 

Figures 4.19, 4.20 and 4.21 illustrate the fault type identification based on the 

voltage and current phasors at the grid connection point. Figure 4.19 illustrates the 

voltage and current values during a La-G fault, Figure 4.20 is during a La-Lb fault and 

Figure 4.21 is during a La-Lb-Lc fault. In each case the fault is simulated at location f, (i.e. 

section 2 of the test network). The current and voltage values for respective faults are 

compared with the criteria in Table 4.1. The measured Vg and Ig values follow the 

behaviour shown in Table 4.1 and are indicative of the respective fault type. It can be 

observed that the currents and voltages are never zero during any of the faults. This is 

because the criteria listed in Table 4.1 correspond to a network with no connected loads. 

In reality, the presence of loads results in a small non-zero current (≃27 A/phase) and 

correspondingly a small voltage at GCP1. Load currents are typically ignored in classical 

fault studies. Therefore, taking the load currents into account the conditions are 
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applicable since the behaviour remains consistent and can be uniquely characterised for 

each type of fault. The same criteria are applicable for faults on sections 1 and 3 on the 

test network. 

Determination of the fault type is usually not a priority for the DNOs. Switching 

contacts are calibrated to open based on pre-defined current verses time curves. 

Typically, all three poles of the device are opened regardless of the fault type on the 

medium voltage level. However, it can be advantages to identify faulted phases, 

especially in the operation of distribution networks at lower voltages. SOPs in the 

diagnostic mode can be used for this purpose which in turn allows for the possibility of 

single phase operation (if applicable).  

4.5.3 Case 2: Detection of fault and determination of fault location  

The value of FI under different types of faults at section 1, 2 and 3 are listed in 

Table 4.3. The FI varies between 0.11-0.29 for a ground fault, 0.09-0.23 for phase faults 

fault and 0.09-0.23 for a balanced fault. The FI was well below the threshold of 0.9 for all 

types of faults and different fault location. In addition, after the fault is cleared, the FI is 

well above the threshold when the SOP is monitoring a healthy network. 

The apparent impedance (Zapp) is obtained by substituting the measured current 

and voltage values at GCP1 into Equation. (4.2). Fault location (d) for each iteration is 

then estimated using Equation (4.3). The actual fault location is 0.33, 0.66 and 0.99 pu 

for faults on section 1, 2 and 3 respectively, since each section is assumed to have equal 

impedance. The error in the estimated location as compared to the actual location is 

expressed in percentage. The apparent impedance, fault location and error in estimation 

for faults at sections 1, 2 and 3 of the Feeder-1 are summarised in Table 4.4 

 The estimated fault location for each case is estimated. A maximum error of 3% 

is observed in the fault locations estimated. The errors are negligible, since the 

distribution feeders are significantly shorter as compared to transmission networks and 

determination of the exact fault location is not required. The achieved accuracy is 

sufficient to determine the faulted section in an MV distribution feeder. However, errors 

may be introduced in the single-end measurement-based impedance methods due to 

large load currents. Improved impedance methods such as modified Takagi method and 

Eriksson method can be used to reduce the error [97]. However, these methods involve 

a relatively higher complexity of calculation than the single-end measurement-based 

method and are not used in this study. 
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La-G 

 

Phase Voltage (V) Phase Current (A) 

𝑉  78∠22 𝐼  174∠154 

𝑉  591∠ − 65 𝐼  27∠111 

𝑉  548∠159 𝐼  27∠ − 23 

Figure 4.19 Voltage and current phasors for La-G fault. 

 

La- Lb 

 

Phase Voltage (V) Phase Current (A) 

𝑉  316∠ − 5.8 𝐼  147∠ − 177 

𝑉  301∠ − 23 𝐼  120∠7.1 

𝑉  608∠166 𝐼  28∠ − 16 

Figure 4.20 Voltage and current phasors for La-Lb fault. 

 

La-Lb-Lc 

 

Phase Voltage (V) Phase Current (A) 

𝑉  55∠1 𝐼  154∠154 

𝑉  55∠ − 83 𝐼  154∠34 

𝑉  55∠156 𝐼  154∠ − 85 

Figure 4.21 Voltage and current phasors for La-Lb-Lc fault. 
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Table 4.3 Values of Fault-Index, during and after a fault  

Fault 

Section 

Type of 

Fault 

FI 

(during a fault) 

FI  

(after fault clears) 

Section- 1 

La-G 0.29 0.98 

La- Lb 0.23 0.98 

La-Lb-Lc 0.23 0.98 

Section- 2 

La-G 0.21 0.98 

La- Lb 0.16 0.98 

La-Lb-Lc 0.17 0.98 

Section- 3 

La-G 0.11 0.98 

La- Lb 0.09 0.98 

La-Lb-Lc 0.09 0.98 

 

 

 

Table 4.4 Calculated values of apparent impedance, estimated location and error in 
location estimation 

Fault 

Section 

Type of 

Fault 
*Zapp (Ω) 

Estimated 

Fault location d (pu) 
Error (%) 

Section- 1 

La-G 0.36∠ − 118 0.337 2% 

La- Lb 0.20∠ − 118 0.330 0% 

La-Lb-Lc 0.21∠ − 118 0.337 2% 

Section- 2 

La-G 0.724∠ − 118 0.680 3% 

La- Lb 0.709∠ − 118 0.668 1.2% 

La-Lb-Lc 0.710∠ − 118 0.669 1.3% 

Section- 3 

La-G 1.08∠ − 119 1.01 2% 

La- Lb 1.06∠ − 118 1 1% 

La-Lb-Lc 1.06∠ − 118 1 1% 
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4.5.4 Case 3: Improvements in restoration time 

This case illustrates improvements in the restoration time achieved by the using 

the SOP to coordinate the FDIR process. Simulations were carried out on the test 

network for La-G fault at location f, on section 2. A line-to-ground fault is used since it is 

most commonly occurring on a distribution network. However similar results can be 

expected for other types of faults because the operating sequence remains the same for 

all types of faults. Restoration times achieved by conventional D-FA scheme using 

reclosers and the proposed D-FA scheme coordinated by SOP using the diagnostic 

mode are compared. 

The restoration times are compared for different fault durations varying from 1 s 

to 22 s in steps of 1 s. A dead times of 1 s is selected for the first (ΔDt1), 11 s for the 

second (ΔDt2) and 10 s, third (ΔDt3) auto-recloser shots. These are the minimum 

recommended dead times for a distribution network below 35 kV [32]. R1 and R2 use 

the IEC standard-inverse curve. The details of the tripping curves settings used for the 

auto reclosers are given in the Appendix-B. The communication time required to issue a 

close command from SOP to the switching device is not considered. The results are 

illustrated in Figure 4.22 

 

Figure 4.22 Comparison of restoration times between conventional FA and FA 
using SOP in diagnostic mode 
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The restoration time in the conventional FA scheme is a summation of operation 

times and dead times for the respective shots. A fault duration of 3 s is used as a typical 

case for a sample calculation. The operating times of the auto-recloser were ∆𝑡 =

0.38 𝑠 for the first shot and ∆𝑡 = 0.45 𝑠 for the second shot. Therefore the total 

restoration time including the first and second shot is (Δt1+ ΔDt1+ Δt2+ ΔDt2) and is found 

to be 12.38 s. Restoration of the network using an SOP takes 3.12 s for the same fault. 

Resulting in an improvement of 9.17 s as compared to the former scheme. The 

restoration time is significantly reduced for fault durations slightly greater than the dead 

time of a specific shot. Using the SOP for FA eliminates the dead times and therefore 

the restoration time linearly follows the fault duration. The restoration times for faults of 

duration 2 s to 12 s remain 12.83 s in the conventional FA scheme due to the fixed dead 

time. A maximum improvement of 10.7 s and a minimum improvement of 0.71 s is 

achieved using SOP in diagnostic mode as compared to a two shot restoration using 

auto-reclosers (with minimum recommended dead times).   

4.6 Summary 

The sequence of events in a D-FA scheme with and without an SOP was 

discussed in detail. Interactions between FA and the SOP were studied assuming that 

SOP was not immediately isolated following a fault.  It was obvious that the SOP disrupts 

the D-FA sequence of events due to the current injected from it during a fault. The 

drawbacks of conventional FA scheme using auto reclosers were also discussed. 

The diagnostic mode was proposed to operate the SOP during a fault on one of 

its connected feeders, after the primary network protection devices opens. The efficacy 

of using SOP to determine the presence of a fault, fault type and fault location on a radial 

distribution network was investigated. Symmetrical components of the voltage and 

current measured at the grid connection point of the SOP and the faulted feeder were 

used for this purpose. Software simulations were carried out to verify the diagnostic 

mode operation of an SOP. A D-FA scheme was proposed such that the SOP 

participated in the FA sequence of events during network restoration. This was achieved 

by combining the diagnostic mode with other operating modes in the literature (power 

control and diagnostic mode). The FA scheme using the diagnostic mode provided 

significant improvement in restoration times. In addition, other drawbacks and limitations 

of using auto-closer based FA can be overcome.
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Chapter 5 Experimental Validation of Fault Diagnostics 

Capability of Soft Open Point 

5.1 Introduction 

In this chapter, a hardware-in-the-loop experimental setup is described to validate the 

fault diagnostic capabilities of back-to-back VSC based SOP proposed in the previous 

chapters. A real-time digital simulator (RTDS) interfaced with a VSC is used for this 

purpose. 

The power hardware-in-the-loop setup used for this experiment is discussed. 

Details of the VSC prototype used to study the performance of an SOP are presented. 

Salient features of real-time simulations and the RTDS are briefly discussed. An 11kV 

generic distribution network was modelled on the real-time simulator interface (RSCAD) 

and connected to the VSC prototype using a four-quadrant power amplifier. This 

experimental setup was then used to validate the SOP operation in the diagnostic mode. 

The capability of SOP to determine the presence of a fault, fault type and fault location 

on a radial distribution network was validated. 

5.2 Description of the experimental setup  

Figure 5.1 shows the experimental setup used in this chapter to validate the fault 

diagnostic capability of an SOP. It consists of four major components;  

1) VSC prototype (hardware under test);  

2) Real-time digital simulator (RTDS);  

3) Power interface (power amplifier and current probes); 

4) Host computer 

Operation of the SOP is validated using a VSC prototype that is connected to a 

distribution network modelled in the real-time simulator. The simulator and the VSC are 

interconnected through a power interface comprising of a power amplifier and current 

probes. The following subsections describe each of these components in further details. 

5.2.1 VSC prototype (Hardware under test) 

The hardware under test (HuT) consists of a three phase VSC prototype that is 

enclosed in an insulated box. The VSC prototype connected with an external constant 

DC voltage source (make and model: MAMEG-HM7042-5) represent an SOP in this 

experiment, as shown in Figure 5.2.  
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As described in the previous chapter, the diagnostic mode operation is only 

applicable to the VSC that is connected to the faulted feeder. The second VSC in the 

SOP is responsible for maintaining the DC link voltage and is assumed to be connected 

to a healthy feeder. Therefore, to validate the fault diagnostic capabilities of the SOP, it 

is sufficient to analyse the behaviour of the VSC connected to the faulted feeder. In this 

experiment, the VSC prototype represents the VSC that is connected the faulted feeder 

and is controlled independently in preferred operating mode. The DC voltage source 

ensures that the desired voltage level (Vdc) is maintained at the nominal value. This is 

equivalent to the second VSC of the SOP connected to a healthy feeder.  

VSC Prototype

Power Amplifier

RTDS

Current Probes

Host Computer

 

Figure 5.1 Experimental setup 

 

VSC Enclosure

DC voltage Source

USB Cable

Output Terminal

 

Figure 5.2 The HuT: VSC prototype and the DC voltage source 
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The main component of the HuT, is a voltage source converter. Figure 5.3 shows 

the circuit topology and the circuit board of the VSC used in this experiment. It consists 

of six IGBTs connected in a bridge configuration and are mounted at the underside of 

the circuit board (labelled (8)). The bridge constitutes the three arms of IGBTs of one 

VSC. These IGBTs are commutated using firing pulses generated through gate drivers 

(labelled (7)). The DC link consists of DC capacitor bank (labelled (9)). Therefore the 

combination of IGBTs and DC link represents one VSC of the SOP.  

An Altera DE0 Nano development board (labelled (5)) is used to control the VSC. 

Details regarding the architecture and programming of this board are described in the 

next subsection. Digital isolators (labelled (6)) are used to isolate the controller auxiliary 

circuit from parts of the VSC that process power. An external power supply module (not 

shown in the figure) is used to supply 5 V that is needed to operate the auxiliary circuit 

of the VSC. The auxiliary circuit employs a number of current sensors (labelled (2)), 

voltage sensors and corresponding analogue to digital converter (labelled (4)). These 

measurements are connected to the I/O ports of the development board.  

The outputs of the VSC are connected to three power terminals (labelled (3) 

through an LCL filter (labelled (1)). An isolation relay (not shown in the figure) is 

connected between the VSC output terminals and the power connectors on the 

enclosure. This is used as a safety measure to isolate the VSC enclosure from the power 

amplifier in case of an over voltage/current or unexpected faults. The system parameters 

of the VSC are listed in the Table 5.1. The VSC prototype is not optimised for this 

experiment, therefore the parameters (e.g., maximum voltages/currents) are oversized. 

Table 5.1 System parameters 
Parameter Designed Values Used values 
System voltage  
(L-L RMS)  
Vdc 

 
220 V AC 
440 V DC 

 
2.4 V AC 
8 V DC 

System frequency 50 Hz 50 Hz 
LF1 and LF2 33 mH 33 mH 
R 2-200 Ω 3.8 Ω 
CF1 4.4 μF 4.4 μF 
D1 

Drain-Source voltage 
Gate-Source voltage 
Current rating (at 25◦C) 

 
1200 V 
5-20 V 
10 A 

 
1200 V 
5-20 V 
1 A 

Cdc 4x560 μF 4x560 μF 
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Figure 5.3 (a) Circuit topology; (b) Circuit board of the VSC 
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5.2.1.1 VSC controller 

Figure 5.4 shows the Altera DE0-Nano development board used to control the 

VSC. This board consists of a compact-sized field programmable gate array (FPGA) 

development platform. Individual components on the controller are labelled on the figure. 

It features an Altera Cyclone IV FPGA, 32 MB of SDRAM, 2 Kb EEPROM, and a 64 Mb 

serial configuration memory device. It is equipped with an 8-channel, 12-bit A/D 

converter, two 40-pin headers which provide 72 I/O pins for external communication. The 

chip is externally powered by USB type mini-AB port (5V), DC 5 V pin for each header 

(two 5 V DC pins) and a 2-pin external power header (3.6-5.7 V) [100]. 

The operational block diagram adopted to program the Altera Nano controller is 

shown in Figure 5.5. The VSC control logic is designed in MATLAB/Simulink. Blocks that 

are compatible with VHSIC Hardware Description Language (VHDL) are selected from 

the Simulink library for the design of the control logic. Simulink compiles this design into 

a Cyclone model that can be automatically translated to a VHDL code. The control logic 

can be designed directly on the interface available on the Quartus complier using a 

hardware description language (e.g. VHDL, Verilog). However, Simulink model is used 

for convenience. 

The VHDL design is then compiled using Quartus-II software in the host 

computer.  The Quartus complier then generates a bit stream with specific executable 

design [100]. The FPGA is programmed through the Quartus-II programmer by selecting 

a configuration bit stream file with the “.sof” file extension. The bit stream is 

communicated through a USB Mini-B cable connected between the host computer and 

the DE0-Nano development board. The program remains functional in the FPGA until 

the device is reprogrammed. However, the configuration information will be lost when 

the power is switched off. 

The Cyclone model also has a direct interface with the FPGA through the USB 

cable. This is used for plotting and graphing the desired signals at the selected ports, 

when the program is running. Furthermore, this interface is used to communicate real-

time commands with the FPGA, using designated I/O ports on the development board 

while running. 
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Figure 5.4 Altera DE0 Nano development board, used as the VSC controller; 
reproduced from [100]. 
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Figure 5.5 Operational block diagram of the VSC controller 

5.2.2 Real-time digital simulator  

The second component of the experimental setup is a test distribution network 

modelled in a real-time simulator which is an advanced computer that perform complex 

mathematical computation for one discrete time-step within the same time in real-world 

clock. Real-time simulators represent the behaviour of a real power system being 

modelled, such that the outputs (voltages and currents) are reproduced with the desired 

accuracy in real time [101]. Other solving techniques that use variable time-steps also 

exist but are unsuitable for real-time simulations. Such techniques are mainly used for 

solving high frequency dynamics and non-linear systems [102].  
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Software simulations are generally fixed time-step simulations, with discrete-time 

and constant step duration where the time progress in incremental steps [103], [104]. 

Typically, their objective is to obtain results as fast as possible which usually depends 

upon the available computational power and the mathematical complexity of the 

modelled system. Therefore, for a non-real-time simulation the execution time for an 

individual calculation is either less or more than the duration of one real time step [105]. 

However, in real-time simulation, the computation and real times are identical for every 

discrete time-step. In order to achieve this the real-time simulator needs to solve the 

model equations and generate desired system states for each time-step within the same 

time in real-world clock. This includes the time required for other relevant operations (e.g. 

driving the inputs and outputs, communication between external devices) that are to be 

performed by the simulator. Interfacing with external devices are discussed in Section 

5.2.3). For each time-step, the simulator executes the same series of tasks:  

1) Reading inputs and generating outputs;  

2) Solving model equations;  

3) Exchanging results with other simulation nodes;  

4) Waiting for the start of the next step. 

The states of the simulated system are computed and communicated to external 

devices once per time-step. Any idle time in the real-time computation cannot be carried 

over to the next discrete time-step. The simulator waits for the next iterative time-step 

and starts the computation again. The real-time simulation is considered erroneous if the 

simulation is too complex to be completed in one discrete time step. In such cases the 

simulator prompts a system overrun message. Real-time simulation is said to be 

successful if the system states are computed accurately at discrete times with acceptable 

resemblance to real world parameters, without overruns [101]. Therefore, it is best suited 

for experimental validation of network protection studies and network automation 

systems [106].  

The RTDS simulator, developed by RTDS [105] Technologies is used to carry 

out the real-time simulations in this chapter. This simulator uses the ‘Dommel algorithm’ 

to perform digital computations of electromagnetic transients of an electric power 

network modelled with constant or distributed parameters [107], [108]. The algorithm 

converts differential equations to linear algebraic equations using the trapezoidal rule of 

integration. This allows all elements in a network to be represented by an equivalent 

current source and a conductance. RTDS simulators use this algorithm to perform real-

time power system simulation using digital-computer time-domain solution.  
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The RTDS simulator employs a parallel processing architecture and uses a 

number of digital signal processors called Giga Processor Cards (GPC) that run at a 

frequency of 1 GHz [109]. These processors are specially designed for the simulation 

and analysis of electromagnetic transients in electric power systems. Each processor is 

organised in hardware units called racks that also hold communication cards. The 

communication cards consist of GT-I/O family of cards that communicate through a 2 

GHz optic fibre. The cards include analogue and digital inputs with 16bit converters, 

operating at 5 V AC. These racks are modular, which allows inclusion of multiple racks 

to increase the computational capacity of the RTDS simulator [106], [109].  

5.2.2.1 Network model in RTDS 

A test system is represented in the RSCAD software package, which is 

developed specifically for RTDS. It is a graphical interface that allows users to build, 

compile, execute and analyse simulation cases. A distribution network is modelled in this 

interface using the components available in RSCAD library. The network modelled 

represents the faulted feeder that is connected to the VSC prototype. 

Figure 5.4 shows the network modelled in RSCAD. This network is identical to 

the test networks used in the previous chapters. It consists of a radial feeder with three 

sections each of length 1 km. T1 is a 33/11 kV, 15 MVA, delta-star grid transformer 

grounded on the feeder side. R1 is an overcurrent-based substation circuit breaker. Zg 

represents the line impedance of 0.164+j0.321 Ω, for individual sections. L1 and L2 are 

uniform lumped loads of 3 MW/phase at a power factor of 0.9. GCP1 represents the grid 

connection point of the SOP. T2 is an 11/11 kV star-delta isolation transformer star 

grounded on the feeder side. The current source Ig is the scaled down value of the current 

measured through the HuT. Similarly, the voltage at Vin is scaled down from 11 kV to the 

rated voltage of the HuT and fed to the power amplifier through the D/A block in RSCAD. 

The interconnection between the test network and the hardware prototype is described 

in the next section. 

GCP1
Zg Zg

L1 L2

ZgR1

3 2 1

D

A

D

A

T1
To 

Amplifier

From 
Current sensor

Ig
GT-I/O 
cards

-Circuit breaker Open
-Circuit breaker Closed

Vin

T2

 

Figure 5.6 Test network modelled in RSCAD 
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5.2.3 Power interface 

In this experiment the HIL setup is adopted. This form of real-time simulations 

uses a combination of a model developed in RTDS and a physical hardware prototype 

[105]. The hardware prototype is called hardware under test (HuT) and the software 

model is called rest of system (ROS) [110]. Interfaces (e.g. analogue-to-digital (A/D) 

converters, digital-to-analogue (D/A) converters, filters, and amplifiers) are used to link 

the HuT and the ROS.  

HIL experiments are classified into two categories based on the power exchange 

between the HuT and the ROS. The HIL experiments without power transfer to or from 

the HuT are called controller hardware-in-the-loop (CHIL) experiments, as illustrated in 

Figure 5.7(a) These are typically adopted for rapid control prototyping (RCP) and testing 

of protection relays, where a network is modelled on the simulator and only control 

signals are communicated in and out of the simulator [111]. Figure 5.7 (b) illustrates the 

Power-HIL (PHIL) architecture which is used to test real-world hardware prototypes and 

is adopted in this chapter for the experimental study. PHIL experiments involves the 

exchange of power between the HuT and real-time simulator [110]. In addition to the 

real-time simulators and the HuT, a power interface is needed in order to either generate 

or absorb power.  
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Figure 5.7 Basic HIL experiment architectures (a) CHIL (b) PHIL [105] 
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The functional setup of the power interface between the RTDS and the VSC 

enclosure (HuT) is illustrated in Figure 5.8. The terminal voltage in the RTDS test network 

is connected to a four-quadrant controlled voltage amplifier [112]. Power cables are 

connected from the 5 V, 16-bit D/A converters on the RTDS rack to the input terminals 

of the power amplifier. The magnitude of the voltage generated at the terminals of the 

power amplifier is proportional to the reference signal generated within the RTDS model. 

A scaling factor is used to define the operating voltage at the output terminals of the 

power amplifier that are connected to the HuT. Line currents flowing to/from the VSC are 

measured using three Hall-effect current probes. The probes are connected to the GT-

I/O-analogue input ports of the RTDS A/D converter. This feedback path completes the 

power loop in this PHIL experimental setup. 

The operation of this setup is explained with the help of an equivalent circuit 

shown in Figure 5.9. The test network (ROS) modelled in the RTDS is represented as a 

voltage source (V) with an equivalent line impedance Z. The HuT is represented by an 

impedance ZL. The HuT is connected in series with the ROS. The terminal voltage (Vg) 

of the ROS is scaled down by a voltage scaling factor of K1, through a controlled voltage 

amplifier. Therefore, 11 kV AC in the ROS corresponds to 24 V AC at the power amplifier 

output terminals. The current Ig flowing through ZL is measured and then fed back into 

the ROS. This is reflected in the equivalent circuit as K2Ig flowing through the ROS, where 

K2 is the current scaling factor. These scaled values of the measured currents are 

incorporated as a current source in the RTDS model, as shown in the Figure 5.8. 
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Figure 5.8 Functional setup of the HIL experiment [112] 
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Figure 5.9 Equivalent circuit of the HIL experimental setup 
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5.3 Simulation results 

Simulations are carried out on the experimental setup described in Section 5.2. 

The experimental test rig is shown in Figure 5.10. The performance of a network with 

SOP under various type of network faults are assessed using this rig. The behaviour of 

network is studied under three cases.  

Current probe

Power Amplifier

RTDS

Rheostat

HuT

Host Computer

 

Figure 5.10 The experimental test rig 
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5.3.1 Case 1: Fault detection during normal operation (grid-connected) 

This case is used to validate the fault detection method developed in Chapter 3. 

The performance of a network with SOP in the power control mode is investigated during 

a fault. Figure 5.11 shows the functional setup of the experiment. The distribution 

network is connected to the grid with circuit breaker R1 in closed status. The VSC is 

operated in the power control mode with a constant DC link voltage maintained by the 

regulated power source. The FI at the GCP1 is monitored for La-G, La-Lb and La-Lb-Lc 

faults. The sequence filter in the RSCAD library is utilised to generate the positive, 

negative and zero sequence voltages needed to calculate the FI. 

Power control mode
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GTAI Card

GTAO Card
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Figure 5.11 Test setup for Case 1: Fault detection for normal operation (grid-
connected) 

Faults are simulated at location f in the RTDS model for a duration of 0.3 s. The 

RTDS simulation output is plotted in the RSCAD-Runtime interface for 1 s with the fault 

occurring at 0.5 s. The FI is calculated for the faults using sequence voltage values 

measured at 0.6 s. Table 5.2 shows the FI for the La-G, La-Lb and La-Lb-Lc faults. Only 

the scenario with real power injected into the feeder from the SOP is simulated, since 

the DC link voltage is maintained by the DC power source. 

The FI is well below the threshold of 0.9 for different type of faults. Furthermore, 

the values of FI on an un-faulted healthy network (before and after the fault) were also 

within the expected range. From the results it can be observed that the values are in line 

with the expected levels and are in concurrence with the software simulations. 
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Table 5.2 FI for a grid-connected system with SOP in power control mode. 

Power flow scenerio Type of fault 

RTDS Simulations 

FI 

(During fault) 

FI 

(Healthy network)  

Power injecting 

 from SOP 

La-G Fault 0.24 0.98 

La-Lb Fault 0.17 0.98 

La-Lb-Lc Fault 0.07 0.98 

 

5.3.2 Case 2: Fault detection and type identification during diagnostic mode 

operation 

This case validates the diagnostic mode operation of an SOP that was described 

in Chapter 4. Fault detection and the fault type identification, with SOP in the diagnostic 

mode are investigated in this case. Figure 5.12 shows the functional setup of the 

experiment. The test network modelled in the RTDS is disconnected from the grid supply 

with R1 open. The VSC is operated in the diagnostic mode. The IGBTs are commutated 

such that a fixed voltage of 2.4 V is maintained at the output terminal of the power 

amplifier. This corresponds to 0.1pu of the 24 V, rated voltage of the VSC. The positive, 

negative and zero-sequence voltage and currents are monitored at GCP1 during La-G, 

La-Lb and La-Lb-Lc faults. The FI is then calculated for each of the iteration to investigate 

the presence of a fault. Correspondingly, the phase voltages and line currents are 

monitored at the grid connection point GCP1 and are then used to determine the type of 

fault on the network. 
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Figure 5.12 Test Setup for Case 2 and 3: Fault detection, type identification and 
determination of fault location during diagnostic mode operation  
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 Faults of 0.3 s durations are simulated at section 1 in the RSCAD model. The 

RTDS simulation output is plotted on the RSCAD-Runtime interface for 1 s with the fault 

occurring at 0.5 s.  The fault duration is selected such that the occurrence of a fault and 

the clearance of the fault are both captured in one simulation runtime of one second on 

the RSCAD interface. This time is used to demonstrate the operation of this mode. 

However, this method can be effectively applied for any fault duration since the SOP 

remains functional continuously during a fault. The FI is calculated for various faults using 

sequence voltages measured at GCP1, at 0.6 s of runtime. The experiments are 

repeated for faults at section 2 and 3. 

Table 5.2 shows the FI for the La-G, La-Lb and La-Lb-Lc faults at sections 1, 2 and 

3 of the feeder in RTDS. The FI values during and after the fault is cleared (healthy 

network) are shown in the table. A snapshot of the RSCAD-Runtime interface for the FI 

is shown in Figure 5.13 which illustrates the dynamic response of FI over the runtime of 

one second, for a La-G fault at section 2. It is clear that the FI values are below the define 

threshold of 0.9 during a fault on the network. The value of FI are within the range of 0.9 

and 1 during healthy unfaulted network operation.  

Figures 5.14 - 5.16 illustrate the fault type discrimination based on the voltage 

and current phasors at the grid connection point. The phasor diagrams are plotted for 

faults on section 2. Figure 5.14 illustrates the phase voltages and line currents values 

during a La-G, Figure 5.15 corresponds to a La-Lb fault and Figure 5.16 corresponds to a 

La-Lb-Lc fault.  

The current and voltage phasors are compared with the corresponding criteria 

listed in Chapter 4 (in Table 4.2). Similar to the software simulation results the presence 

of loads results in a non-zero current (≃27 A/phase), and consequently a non-zero 

voltage at GCP1 during faults. The experimental results are not numerically identical to 

the values obtained in software simulations. However, their behaviour remains 

consistent. The voltage (Vg) and (Ig) values follow the expected behaviour for the 

respective fault type. Experimental results are consistent with the theoretical analysis 

and simulation results analysed in the previous chapters.  The conditions are applicable 

for faults on section 1 and 3 of the test network. 
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Table 5.3 FI for an isolated system with SOP in the diagnostic mode 

Faulted Section Type of fault 

RTDS Simulations 

FI 

(During fault) 

FI 

(Healthy network)  

Section 1 

La-G  0.01 0.98 

La-Lb  0.02 0.98 

La-Lb-Lc  0.04 0.98 

Section 2 

La-G  0.06 0.98 

La-Lb  0.03 0.98 

La-Lb-Lc  0.04 0.98 

Section 3 

La-G  0.02 0.98 

La-Lb  0.05 0.98 

La-Lb-Lc  0.04 0.98 

 

 

 

 

Figure 5.13 Dynamic response of FI for a La-G fault at section 1 
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La-G 

 

Phase Voltage (V) Phase Current (A) 

𝑉  77∠ − 6 𝐼  92∠ − 17 

𝑉  564∠ − 102 𝐼  27.2∠ − 70 

𝑉  509∠100 𝐼  25.6∠134 

Figure 5.14 Voltage and current phasors for La-G fault. 

 

La- Lb 

 

Phase Voltage (V) Phase Current (A) 

𝑉  316∠ − 52 𝐼  61.8∠7 

𝑉  325∠ − 68 𝐼  47.9∠ − 153 

𝑉  636∠119 𝐼  31∠157 

Figure 5.15 Voltage and current phasors for La-Lb fault. 

 

La-Lb-Lc 

 

Phase Voltage (V) Phase Current (A) 

𝑉  55.8∠ − 2 𝐼  73.6∠ − 2 

𝑉  50.6∠ − 121 𝐼  66.9∠ − 121 

𝑉  54∠ − 123 𝐼  71.2∠123 

Figure 5.16 Voltage and current phasors for La-Lb-Lc fault. 
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5.3.3 Case 3: Fault location estimation during diagnostic mode operation  

This case is used to validate the use of SOP in the diagnostic mode to estimate 

the fault location using measurements at GCP1. The testing setup used for Case 2 (as 

illustrated in Figure 5.12) is applied for this case. The experimental results are analysed 

for La-G, La-Lb and La-Lb-Lc faults on sections 1, 2 and 3 individually.  

The apparent impedance (Zapp) of the network as viewed from the point of 

measurement (GCP1) is calculated using Equation. (4.2) (in Chapter 4). Fault location 

(d) is then estimated using Equation (4.3). The testing network used in this experiment 

is identical to the network used for software simulation in Chapter-4. Each section in the 

test network is assumed to have equal impedance and therefore the actual fault location 

is 0.33, 0.66 and 0.99 pu for faults on section 1, 2 and 3 respectively. The deviation of 

the estimated value from the actual fault location is expressed in percentage. The 

calculated values of impedance, estimated fault location and the error in estimation are 

summarised in Table 5.4. The errors in the location calculated from the real-time PHIL 

experiment is greater than the errors obtained during software simulation. However, the 

errors are marginal (generally ≤ 10%) and the obtained accuracy is sufficient to 

determine the faulted section in MV distribution feeder.  

 

Table 5.4 Calculated values of apparent impedance, estimated location and error in 
location estimation 

Fault 

Section 
Type of Fault 

RTDS Simulations 

*Zapp (Ω) 
Estimated 

Fault location x (pu) 
Error (%) 

Section 1 

La-G 0.40∠177 0.377 13.1% 

La- Lb 0.38∠179 0.358 7.5% 

La-Lb-Lc 0.38∠178 0.358 7.5% 

Section 2 

La-G 0.759∠ − 178 0.716 7.3% 

La- Lb 0.734∠ − 179 0.692 3.7% 

La-Lb-Lc 0.759∠ − 166 0.716 7.3% 

Section 3 

La-G 1.116∠ − 176 1.05 5.1% 

La- Lb 1.05∠ − 177 0.99 0% 

La-Lb-Lc 1.115∠ − 176 1.05 5.1% 
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5.4 Summary 

The efficacy of using SOP for network protection was investigated. The SOP 

operating philosophy developed in earlier chapters were validated using a power 

hardware-in-the-loop experiment. Details of the major components of this experimental 

setup were discussed. These include a VSC prototype (HuT) connected to a DC voltage 

source representing an SOP, a network model developed in the RTDS and a power 

interface that connects the RTDS to the HuT.  

The fault diagnostic capability of the SOP is validated using this experimental 

setup. A number of case studies have been implemented to validate the performance of 

the network with an SOP. The FI for different types of faults during a grid-connected 

operation with the SOP in the power control mode was investigated. The experiment was 

repeated for phase-to-ground faults, phase-to-phase faults and three phase faults. 

Experimental results from this case were consistent with the fault detection method 

proposed in the Chapter 3.  The fault detection, fault type identification and estimation of 

fault location in the diagnostic mode were then investigated. The results obtained using 

this real-time PHIL experiment were consistent with the behaviour observed during the 

software simulation carried out in the Chapter 4. The experiment successfully 

demonstrated the use of SOP for protection of the network.  
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Chapter 6 Conclusions and Future Work 

6.1 Conclusion 

Soft open points (SOPs) are power electronic devices installed in place of 

normally-open or normally-closed points in electrical power distribution networks. These 

devices are able to provide active power flow control, reactive power compensation and 

voltage regulation under normal network operating conditions.  

In addition to their benefits during normal network conditions, SOPs have a 

potential to significantly improve fault response of a distribution network. In this thesis, 

the performance of a back-to-back voltage source converters (VSC) based SOP was 

investigated during network faults. A new application of SOPs was developed in the 

protection of MV distribution networks. The basic principle of integrating SOP into fault 

analysis was studied. In addition, the impact of using SOP on existing distributed feeder 

automation (D-FA) scheme was investigated. Equivalent sequence networks were 

formulated for different types of faults. They were further utilised to develop a method to 

detect the presence of faults, determine the type of faults and estimate the location of 

fault. The effectiveness of this method was verified using software simulation. The 

proposed operation of SOP was then validated in the laboratory using a PHIL 

experimental setup consisting of a VSC prototype and a distribution network modelled in 

a real-time digital simulator. 

The results illuminate the role of SOP in distribution network protection, without 

the use of additional external devices. The protection features are easy to implement 

since the inputs require only the local measurements at the SOP grid connection point. 

SOPs were found to be able to enhance the network performance during faulted network 

conditions. The inclusion of fault diagnostic capability substantially improves the 

functional portfolio of an SOP.  The details and key findings of the work carried out in 

this thesis are discussed below.  
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6.1.1 Fault analysis of a network with SOP 

A fault analysis technique was developed to integrate the SOP into fault studies 

on distribution networks. The conventional fault analysis technique using symmetrical 

components was extended such that it can be applied on a simple distribution network 

with an SOP. The dynamic operation of an SOP during normal and faulted network 

conditions were observed. Equivalent sequence networks were developed for a network 

with SOP by incorporating the current contribution from the SOP. Equivalent networks 

were developed for different type of faults, including phase-to-ground faults, phase-to-

phase faults and three-phase faults. They were individually verified for La-G, La-Lb and 

La-Lb-Lc faults using software simulations carried on a generic UK distribution network. A 

fault detection method was formulated by quantifying the sequence voltages at the SOP 

grid connection point while the SOP was operated in the power control mode. 

Based on the fault analysis and simulations conducted the following key findings 

are listed below. 

 It was observed that the measured values were consistent with the expected 

values, based on the equivalent sequence network for the respective faults. 

The fault analysis was found to be independent of the control mode of the 

SOP. The voltage at the grid connection point of faulted feeder was linearly 

correlated to the pre-fault set points of the SOP. However, the impact of set 

points was different for each of the symmetrical components. The correlation 

of the current injected by the SOP into the fault and the pre-fault set points 

were nonlinear and varying for different types of faults. Therefore, fault 

detection based on current measurements at the grid connection points was 

found to be unsuitable for a network with an SOP. 

 The symmetrical voltages at the grid connection point of the faulted feeder 

were used as decision variables for fault detection. The Fault-Index (FI) was 

found to be an effective method to detect phase-to-ground faults, phase-to-

phase faults and three-phase faults. During grid-connected operation the FI 

values were found to be within the defined limits for unfaulted network 

conditions and were well below the threshold (of 0.9) during faults. Fault 

detection using FI was effective for different control modes and pre-fault set 

points of the SOP. In addition, it was found to be applicable on distribution 

networks with different loading conditions. FI is a generic expression 

applicable for all voltage levels since it is normalised by the nominal voltage 

of the network.  
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6.1.2 Role of SOP in Feeder Automation 

Distribution networks typically have some form of protection arrangement and 

automation to ensure minimal impact of network faults on the connected customers. The 

impact of the SOP dynamics on a conventional D-FA scheme was analysed during fault 

interruption and reclosing attempt. The diagnostic mode was developed to operate an 

SOP during network faults.  A new D-FA scheme was proposed, in which the network 

diagnostic capability of SOP was utilised to coordinate the FA sequence. The key 

findings of the study are listed below. 

 It was observed that the FA scheme was not disrupted when the SOP is 

operated in power control mode, at zero P and Q set points (i.e. when no 

power is exchanged through the terminals of the SOP). However, for non-

zero set points, the current contributed from the SOP during network faults, 

disturbs the protection co-ordination of the network which in turn disrupts the 

sequence of FA scheme. Furthermore, the SOP loses synchronisation with 

the grid during an auto-reclose attempt following a temporary fault. A non-

sinusoidal voltage was produced, leading to disruption of the network. 

 It was found that network protection features can be achieved when the SOP 

was operated in the diagnostic mode by utilising the equivalent sequence 

networks of the faulted network. The operation of the diagnostic mode was 

achieved using only the local voltage and current measurements at the grid 

connection point of the faulted feeder and the SOP. 

 Software simulations were carried out for La-G, La-Lb and La-Lb-Lc faults at 

different location on the feeder. Results showed that the SOP is able to detect 

the presence of a fault, determine the type of fault and estimate the faulted 

section on a radial distribution network.  

 The proposed D-FA scheme incorporated the diagnostic mode operation with 

the existing operating modes of the SOP to improve the performance of the 

network during a fault. It was found that the FA scheme coordinated using 

SOP had substantial benefits in comparison to the existing D-FA schemes 

using auto-reclosers which include improvements in restoration times, user 

defined operation times and improved asset life.  

6.1.3 Experimental validation 

The fault diagnostic capability of an SOP was validated using a PHIL 

experimental setup. A VSC prototype connected to a stable DC voltage source was used 
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to emulate an SOP. This VSC prototype was integrated with a distribution network 

modelled in RTDS and was subjected to different faults. 

Fault detection using FI was validated for the La-G, La-Lb and La-Lb-Lc faults with 

the SOP operating in both power control and diagnostic modes. Other protection features 

of the diagnostic mode operation, including fault type identification and estimation of fault 

location were validated using this experiment. The results obtained using the real-time 

PHIL experiment were consistent with the software simulations. The results presented 

prove the capability of SOP to participate in the protection of distribution networks. 

6.2 Future work 

Recommendations to further extend the work reported in this thesis are grouped 

into three main categories.  

1) Improvements in the diagnostic mode operation.  

2) Broader scope of SOP applications 

3) Supplementary analysis to justify the methods proposed. 

6.2.1 Improvements in the diagnostic mode operation 

The diagnostic mode operation proposed in the thesis was used to demonstrate 

the capability of SOP to participate in network protection. However, this work does not 

optimise the performance of SOP during fault diagnostics. It would be of value to assess 

of the impact of feeder lengths and other network topologies on the results. Therefore, 

further analysis is required to optimise the operating voltage of a VSC in the diagnostic 

mode. In addition, there is a scope of improvement in estimating the location of the fault. 

Errors are introduced in the fault location algorithm due to the assumptions in single-end 

measurement method (e.g. ignoring the fault resistance and large load currents). 

Improvements in the accuracy of the results could be investigated by incorporating 

alternative methods for the estimation of fault location into the diagnostic mode operation 

of the SOP.  

As discussed in the literature review SOP constructions exist with and without 

isolation transformers. However, the presence of isolation transformers (and their 

grounding arrangements) impacts the fault response of the SOP. Usually in HVDC 

applications, the choice of isolation transformer windings is dominated by the cost of 

insulation and the converter topology. However, this is not necessarily the case for MV 

networks. The cost of insulation is substantially cheaper for distribution networks due to 
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lower operating voltages. Furthermore, in most cases the choice of transformer 

grounding arrangements at lower voltage levels reflect the need of the interconnected 

AC networks. Currently, there are no standards or guidelines regarding the selection of 

isolation transformers. Determining the optimum winding arrangement for isolation 

transformers in MV networks should be undertaken as future work to this thesis. This is 

important to ensure coherent operation and control of the SOP during network faults. 

The PHIL experimental setup used for the validation of SOP operation in the 

diagnostic mode can be modified to include a communication layer which will enable the 

demonstration of the D-FA scheme proposed. The. The I/O ports of Altera DE0 Nano 

development board can be programmed to coordinate with the RTDS model to 

demonstrate the desired operating sequence of the FA scheme.  

6.2.2 Broader scope of SOP applications 

This thesis focused on the operation of an SOP. However, it is clear from the 

study that the proposed operation is not limited to SOPs. The diagnostic mode operation 

could applicable to other, more common power electronics converter applications. For 

example, power electronic converters that are usually used to integrate renewable 

energy resources to the network. Therefore, this study needs to be extended to broader 

VSC based applications and other SOP topologies to further explore its effectiveness.  

The interaction of an SOP with a D-FA scheme was investigated in this thesis. 

However, the interactions of an SOP with other FA schemes were not explored. SOPs 

are suitable for other forms of automation since operation of the SOP is considerably 

faster in comparison to switching devices typically deployed in the network. Distribution 

networks use combinations of many devices to achieve FA. It is important to examine 

the co-ordination between various types of switching devices and the SOP. Individual FA 

schemes need to be analysed separately to achieve coordinated network operation in 

the presence of an SOP. In addition, a detailed study is required to investigate the 

impacts of the ICT infrastructure and its role in the deployment of SOPs in future smart 

grids. 

Domestic and some commercial customers connected to the distribution network 

at LV level usually have single-phase connections. It is usually desirable to have single 

phase operation in such networks. The SOP in the diagnostic mode is able to identify 

the faulted phase during a fault. The control of SOP that allows for single phase operation 

needs to be investigated to ensure an optimum performance. Various types of low 
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impedance short circuit faults were investigated in this thesis. However, in order to 

incorporate single phase operation, fault analysis for open circuits and high impedance 

faults must also be included and can be extended to investigate single phase operation 

in FA schemes. 

6.2.3 Supplementary study to justify the methods proposed  

The technical application of using SOPs for the protection of distribution networks 

was the main focus of this thesis. A detailed analysis including the capital costs and other 

known benefits of SOP deployment is needed to build a business case. A purely 

economic evaluation of including protection features into an SOP needs to be carried 

out. Benefit quantification of this application gives better indication about the feasibility 

of this technology. This analysis is needed to ensure the wider deployment of this 

technology and its progress to higher technology readiness levels. 
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+ 𝒗𝒙
𝒏 + 𝑣   ; where  𝒗𝒙 = [𝒗𝒂 𝒗𝒃 𝒗𝒄]𝑻 ; 

𝑣
𝑣
𝑣

=

𝑣 𝑣 𝑣

𝑣 𝑣 𝑣

𝑣 𝑣 𝑣

1
1
1

 

𝑣

𝑣

𝑣

=
1

3

⎣
⎢
⎢
⎡ 1 −1

2
−1

2
−1

2 1 −1
2

−1
2

−1
2 1 ⎦

⎥
⎥
⎤ 𝑣

𝑣
𝑣

−
1

𝑗2√3

0 1 −1
−1 0 1
1 −1 0

𝑣
𝑣
𝑣

 

𝑣

𝑣

𝑣

=
1

3

⎣
⎢
⎢
⎡ 1 −1

2
−1

2
−1

2 1 −1
2

−1
2

−1
2 1 ⎦

⎥
⎥
⎤ 𝑣

𝑣
𝑣

+
1

𝑗2√3

0 1 −1
−1 0 1
1 −1 0

𝑣
𝑣
𝑣

 

Appendix A-3 

Table A.1 The set points used to simulate Scenarios 1-4 in Case 1 

Scenario 

 No 

VSC1 (P1 Ref, Q1 Ref) &  

VSC2 (Vdc Ref, Q2 Ref) 

VSC1 (Vdc Ref, Q1 Ref) &  

VSC2 (P2 Ref, Q2 Ref)  

(MW, MVAr) (kV, MVAr) (kV, MVAr) (MW, MVAr)  

1 (0,0) (35,0) (35,0) (0,0)  

2 (0,-2) (35,0) (35,-2) (0,0)  

3 (2,-2) (35,0) (35,-2) (2,0) 

4 (-2,-2) (35,0) (35,-2) (-2,0) 

Power flowing from SOP to Feeder-1 and Feeder-2 to SOP is assumed positive. 
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Appendix B 

Appendix B-1 

Table B.1 Protection settings for recloser R1 

Attempt no Pick up current Time dial setting  Curve 

Shot 1 0.65kA 0.08  Standard Inverse 

Shot 2 0.65kA 0.1  Standard Inverse 

Shot 3 0.65kA Instantanous N/A 

 

 

Table B.2 Protection settings for recloser R2 

Attempt no Pick up current Time dial setting  Curve 

Shot 1 0.45kA 0.08  Standard Inverse 

Shot 2 0.45kA 0.1  Standard Inverse 

Shot 3 0.45kA Instantanous N/A 

 


