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Abstract 

Soft Open Points (SOPs) are power electronic devices installed in place of 

normally-open points in electrical power distribution networks. They are able to 

provide active power flow control, reactive power compensation and voltage regulation 

under normal network operating conditions, as well as fast fault isolation and post-fault 

supply restoration under abnormal conditions. The use of SOPs for the operation of 

medium voltage (MV) distribution networks was investigated. Three aspects were 

studied, which include the control of an SOP, benefit analysis of using SOPs and 

distribution network voltage control with SOPs.    

 

Two control modes for the operation of an SOP, which is based on back-to-back voltage 

source converters (VSCs), were developed. The operating principle and performance of 

the back-to-back VSC based SOP under both normal and abnormal network operating 

conditions were analysed. It was found that during the change of network operating 

conditions, smooth transitions between the two controls modes were needed. Using soft 

cold load pickup and voltage synchronization processes can achieve the smooth mode 

transitions.  

 

A steady state analysis framework to quantify the operational benefits of a MV 

distribution network with SOPs was developed, which considers feeder load balancing, 

power loss minimization and voltage profile improvement. The framework also 

considered traditional network reconfiguration and the combination of both SOP 

control and network reconfiguration to quantify the benefits. It was found that in the 

case study using only one SOP can achieve a similar improvement in network operation 

compared to the case of using network reconfiguration with all branches equipped with 

remotely controlled switches. The combination of both SOP control and network 

reconfiguration can achieve the optimal network operation. 

 



 

vi 

 

A coordinated voltage control strategy for active distribution networks with SOPs was 

developed considering the control of SOP, the on-load tap changer (OLTC) and 

distributed generation (DG) units. Multiple objectives were considered, which include 

maintaining network voltages within the specified limits, mitigating DG active power 

curtailment, reducing the tap operations of the OLTC and the network power losses. 

The proposed control strategy is based on a distributed control framework where each 

control device is considered as a local control agent. A priority-based coordination 

method is applied on the local control agents to obtain a trade-off among the objectives 

based on their prioritisation. It was shown that, comparing with centralized control 

strategies, the proposed control strategy can provide reliable distribution network 

voltage control with less communication investments, reduced computation burden and 

fewer data exchanges. It was also found that the SOP played a key role of 

compensating for the OLTC control, avoiding unnecessary DG active power 

curtailment, reducing the number of tap operations and network power losses as well as 

reducing the amount of reactive power support from DG units for voltage control. 
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1.1 Background 

Electric power systems, after several years of slow development, are experiencing 

tremendous changes. In response to environmental and climate change, renewable 

generation is expected to play an important role in future power generation systems. 

The continuous development of economy as well as large-scale integration of 

electrified heating and transport are leading to increased demand for electricity. To 

tackle the inadequacies of current electricity grid, more intelligence is required in the 

grid for the sake of security, economy and efficiency thus allowing the emergence of 

the smart grid concept. 

1.1.1 Climate Change and Renewable Generation 

Global climate change resulting from greenhouse gas (GHG) emissions has had 

observable effects on the environment, such as loss of sea ice, frequent wildfires and 

more intense heat waves [1]. 

 

Over the past decades, worldwide efforts have been made in preventing the climate 

change. In 1997, more than 160 countries were gathered in Kyoto to discuss the 

solutions and signed an agreement, named ”Kyoto Protocol”, in order to reduce the 

emissions of GHG (carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O)) to at 

least 5% below 1990 level during the commitment period of 2008 -2012 [2]. In 2012, a 

new deal to extend the Kyoto Protocol was agreed by nearly 200 countries, continuing 

cutting the GHG emissions during the 2013- 2020 period. In 2009, the European 

Commission ratified an agreement, named renewable Energy Directive, targeting a 20 % 

reduction of GHG emissions by 2020 compared with 1990 level for the European 

Union (EU) member countries. In addition, a long-term goal was established to cut its 

emissions substantially by 80-95% compared to 1990 by the end of 2050 [3]. 

 

The UK government has also committed to the reduction of GHG emissions targeting 
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at both international and EU level. The government has targeted a reduction of CO2 

emissions of 34% (below 1990 level) by 2020 and at least 80% by 2050. In order to 

meet these targets, a number of steps have been taken. The carbon budgets are used to 

make sure the UK is on track [4]. The impact of these regulatory schemes has been 

enhancing the use of renewable energy and the ‘clean’ generation technologies. Figure 

1.1 presents an illustrative breakdown of the final shares of different types of renewable 

sources and technologies in the UK in 2020 [5]. 

 

Figure 1.1: The UK Renewable Energy Target [5] 

The overall targeted increase in the amount of energy generated from renewable 

sources will be from 2% to 15% by 2020. This target, as suggested in [5], could be 

achieved by the following renewable energy targets in each energy consumption sector:  

 more than 30% of electricity generated from renewables; 

 12% of heat generated from renewables; 

 10% transport energy from renewables. 

To assist the delivery of UK’s ambitious targets, a substantial increase in using 

renewable energy, in the form of distributed generators (DGs), has emerged in the 

electricity sectors. DGs are small-size electricity power generation connected to a 

distribution network rather than the transmission network [6]. They have lots of 

economic and technique benefits for electric power networks, such as reducing network 
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losses, improving reliability and deferring network infrastructure reinforcement. [7]. 

Nevertheless, from the network operation perspective, problems are introduced by 

connecting a large capacity of DGs to the network, such as the reverse power flow, 

violation of voltage and thermal limits, increase of fault levels, harmonics and flickers 

etc. 

1.1.2 Electricity Demand Growth 

Electricity demand is the fastest-growing component of total global energy demand due 

to the increase of population, development of economy and the fact that electrical 

energy is the most suitable form of the energy with respect to human activities and 

environment [8]. As shown in Figure 1.2, the global demand of electricity increased by 

over 50% from 1990 to 2011, and is expected to increase by over 80% from 2011 to 

2030 under current policies scenario. Among all the continents, Asia, as a developing 

area, has the most radical increase in electricity demand, projected to average around 5% 

per year respectively to 2035 [9].  

 

 

Figure 1.2: World Electricity Consumption by Region [9]  

The UK’s demand for electricity is expected to increase over the next a few decades 

[10]. A key reason is the transition to low carbon future. To meet government carbon 
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reduction targets, the UK’s dependence on fossil fuels (e.g., gas and petrol) would be 

reduced and changed to renewable sources (e.g., wind and solar power). Examples 

include the large-scale integration of electrified transport (e.g., electric vehicles) and 

decarbonized domestic heating (e.g., electric heating pumps). Because of these, the 

UK’s demand for electricity could double by 2050 [10].  

  

To meet the growing demand for electricity, additional network capacity is needed. This 

would mean significant investments if using the conventional network reinforcement 

solution. Two direct consequences are anticipated [11]: 

 High cost to customers  

According to the estimation made by Office for Gas and Electricity Market 

(Ofgem) [12]: the UK needs to invest as much as £53.4 billion in the electricity 

network between 2009 and 2025. This investment would be paid eventually by 

customers.  

 Impact on society and the environment 

Reinforcing the electricity network will have a significant impact on carbon 

emissions [10]. Additionally, the reinforcement usually involves extensive 

excavations and disruption, while significant amount of time is inevitable due to 

the work scale (e.g. cable upgrades).  

 

Under this circumstance, innovative solutions should be sought without or with reduced 

network reinforcement and expansion.  

1.1.3 Emergence of Smart Grid Concept 

Utility engineers across the globe are trying to address numerous challenges, e.g. the 

increasing integration of renewable generation, the continuing growth of electricity 

demand and the need for optimal deployment of expensive assets. It is evident that 
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these challenges cannot be solved based on the existing electricity grid. New generation 

of electricity grid, known as “Smart Grid”, is being developed to address the major 

shortcomings of the existing electricity grid [13].  

 

According to the US Department of Energy’s Modern Grid Initiative: 

“A smart grid is an electricity network that employs innovative products and service 

technologies together with advanced monitoring, control and communication 

technologies in order to: 

 Enable and motivate active participation by consumers; 

 Accommodate all generation and energy storage options; 

 Enable new products, services, and markets; 

 Run more efficiently;  

 Provide higher quality of power required; 

 Anticipate and respond to system disturbances in a self-healing manner; 

 Operate resiliently against attack and natural disaster.” [14, 15] 

 

The UK’s Electricity Networks Strategy Group (ENSG) published “A Smart Grid 

Vision” to outline what a UK smart grid should be and what challenges need to 

addressed. According to it, a Great Britain smart grid should be able to help the UK 

meet its carbon reduction targets, ensure energy security and wider energy goals while 

minimising costs to consumers. A “Smart Grid Routemap” was also published to 

deliver this vision [16]. It emphasizes the potential role of the smart grid as a key 

enabler to help UK power system accommodate a number of critical developments in 

the next 40 years. The detailed developments with an illustrative timeline are given in 

Figure 1.3 [17].  
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Figure1.3: Critical developments for UK smart grid routemap out to 2050 [17] 

In the UK, Smart Grid has been primarily focused on the distribution networks where it 

is believed early action is needed. Firstly, the distribution network is the biggest 

component of electricity losses. It is most important that the distribution network 

operators (DNOs) can manage their carbon footprint. Moreover, the uptake of electric 

heat pumps and electric vehicles, investment in small wind generation, household and 

community micro-generation and other initiative to de-carbonize the energy use could 

have a profound impact on the nature and pattern of demand on the distribution 

networks. DNOs may need to actively manage the intermittent and bi-directional power 

flows of electricity, which requires significant changes in electricity generation and 

demand technologies [16]. Therefore, initially, the distribution network will have the 

greatest opportunity for smart interventions where mass investment is required, aligned 

with revised network operation and control paradigms, to ensure it can cope with the 

increasing demands and many new emerging requirements [16]. 

1.2 Research Motivation 

Medium Voltage (MV) distribution networks are usually operated in a radial 

configuration. Normally Open Points (NOPs) are built, connecting adjacent feeders, to 

provide alternative routes of electricity supply in case of planned or unplanned power 
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outages. The unique benefit of this configuration is its inherent simplicity of operation 

and protection. However, this needs to be reconsidered under the new circumstance. 

With increasing penetration of intermittent renewables and growing electricity demand, 

distribution networks are facing the challenge of increasing power flows through 

existing networks. Although traditional network reinforcement is an option to deliver 

the additional network capacity, their high-cost and time-consuming features make this 

solution undesirable. Innovative solutions are therefore needed to increase the 

utilization of existing assets dynamically and reroute the power flow through less 

loaded circuits.  

 

One way is to interconnect (or mesh) the conventional radial network, which enables 

the power delivery through a less heavily loaded feeder and hence relieves the stress on 

the heavily loaded feeders. Currently this configuration has been recognized by several 

DNOs in their development plans [18], achieved by closing the NOPs. Benefits of a 

closed loop network include balancing the loads between different feeders, improving 

the voltage profiles, reducing power losses and improving the reliability. However, the 

main problems of interconnection are: 

 The rise in fault current, which could lead to the malfunction of the existing 

circuit breakers.  

 The need of more complicated and expensive protection schemes. 

An alternative solution between the radial and the mesh operation is to have a flexible 

mesh configuration. It is achieved by using a power electronic based device, named 

Soft Open Point (SOP), to replace the NOP. Instead of simply opening/closing the NOP, 

an SOP is able to provide the following functionalities: 

 Flexible control of active power exchange between connected feeders; 

 Flexible manipulation (absorbing and supplying) of reactive power on both 

interface terminals; 
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 Immediate fault isolation between interconnected feeders; 

 Small and controllable contributions to fault current; 

 Immediate post-fault supply restoration to support isolated loads on a feeder 

through power transfer from the adjacent feeder. 

Therefore, the SOP offers further flexibility to current distribution networks. For 

network operation, it is envisioned to release capacity of existing feeders, enhance the 

efficiency and service quality to customers. This thesis is motivated to investigate the 

following three points, regarding the use of SOPs for MV distribution network 

operation. 

1.2.1 Control of an SOP 

The SOP is a multi-functional power electronic device, and hence its control strategy 

should be able to realize all the aforementioned functionalities. Previous studies (the 

detailed discussion is in Section 2.3) mainly focused on the use of SOP under normal 

network operating conditions, where the current-controlled strategy was used to 

achieve independent control of real and reactive power. However, this 

current-controlled strategy is not suitable to provide post-fault supply restoration 

(another functionality of the SOP) because it may result in voltage and/or frequency 

excursions that lead to either unacceptable operating conditions or instability. The 

operating principle of an SOP therefore needs to be investigated under both normal and 

abnormal network operating conditions.  

1.2.2 Benefits analysis of using SOPs 

It is urgently needed to quantify the benefits of SOPs for distribution network operation, 

which provides confidence for using SOPs in distribution networks. SOPs are effective 

in reducing power losses, balancing feeder loads, improving voltage profile, and 

thereby increasing network loadability and DG connections. A number of studies (the 
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detailed discussion is in Section 2.3) can be found for these purposes. However, they 

are mainly based on installing one or two SOP in a simple two-feeder network together 

with the controller design and simulation. Methodologies for the benefit quantification, 

i.e., steady state analysis of distribution networks with SOPs were not addressed and 

the advantages of a more widespread use of these devices in distribution networks have 

not been explored. In addition, distribution network reconfiguration has been 

intensively researched. It could achieve similar objectives as the SOP. However, unlike 

the SOP control, network reconfiguration is achieved by changing the network 

topology: closing some NOPs while opening the same number of closed switches to 

maintain a radial network structure. Extensive research has been conducted into 

network reconfiguration (the detailed discussion is in Section 2.2.1) for feeder load 

balancing, loss minimization and voltage profile improvement. It is needed to have a 

comparison between using SOPs and network reconfiguration to enhance the operation 

of a distribution network.  

1.2.3 Distribution network voltage control with SOPs 

Increasing DG capacity in the distribution network could cause the violation of voltage 

limits. SOPs are able to assist voltage control through changing the real and reactive 

power flow. Previous studies (detailed discussion is in Section 2.3) have reported the 

potential of using SOPs for network voltage control. However, the voltage control 

strategy considering the detailed operation of a SOP (determining the set points of the 

SOP) has not been investigated. In addition, coordination with other network 

controllable devices could achieve a better performance. There is a clear need to 

develop a coordinated voltage control strategy, in which the SOP and other voltage 

control devices are used together to achieve a better network voltage control.  
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1.3 Objectives and Contributions of this Thesis 

The objectives and contributions of this work are outlined as: 

 Investigate the operating principle of an SOP using back-to-back VSCs under 

both normal and abnormal network operating conditions. 

 

Two control modes were developed for the operation of a back-to-back VSC 

based SOP. The operating principle of the back-to-back VSC based SOP was 

investigated under both normal and abnormal network operating conditions. The 

performance of the SOP using two control modes has been analysed under 

normal conditions, during a fault and post-fault supply restoration conditions. 

  

 Investigate the benefits of a MV distribution network with SOPs under normal 

network operating conditions, focusing on feeder load balancing, power loss 

minimization, and voltage profile improvement.  

 

A steady state analysis framework was developed to quantify the benefits of 

SOPs in MV distribution networks. The framework considers the network 

reconfiguration and the combination of both SOP and network reconfiguration.  

 

 Investigate the use of the SOP for network voltage control and its coordination 

with OLTC and DG units in an MV distribution network. The coordinated 

voltage control strategy is able to maintain the network voltage while mitigating 

DG active power curtailment, reducing the tap operations and the network 

power losses. 

  

A novel coordinated voltage control strategy was proposed considering the SOP, 

the OLTC and multiple DG units. A distributed control framework was used, 

considering each of the controllable devices as a local control agent. A 
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priority-based control was developed, achieving the specified objectives in 

accordance with their prioritisation. Unlike centralised control strategies 

(detailed discussion in Section 2.2.2), which requires communication links with 

each network node and power flow solutions at each time step, this coordinated 

voltage control strategy achieves a trade-off among objectives with fewer 

communicational requirements and less computation burden. 

1.4 Thesis Outline 

The rest of this thesis is organized as follows: 

Chapter two provides a literature review of challenges for distribution network 

operation. Available network operation functions in facing the emerging challenges are 

then introduced, with special attention paid to the network reconfiguration, coordinated 

voltage control and those functions offered by using power electronic devices in 

distribution networks. Last, the state-of-the-art of SOPs, including the benefits, possible 

device types and previous studies are presented.  

 

Chapter three describes two control modes for the operation of a back-to-back 

VSC based SOP. The operating principle and performance of the back-to-back VSC 

based SOP using these two control modes were analysed under both normal and 

abnormal network operating conditions.  

 

Chapter four describes a steady-state analysis framework to quantify the 

operational benefits of a distribution network with SOPs. A generic model of an SOP 

for steady-state analysis was developed. Based upon it, an improved Powell’s direct set 

method was developed to obtain the optimal SOP operation. Distribution network 

reconfiguration algorithms, with and without SOPs, were developed and used to 

identify the benefits of using SOPs. Case studies have been conducted with promising 
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results obtained for using SOPs in MV distribution networks.   

 

Chapter five describes a novel coordinated voltage control strategy, considering 

SOPs, OLTC and DG units, to maintain network voltages while mitigating DG active 

power curtailment, reducing the tap operations and the network power losses. A 

distributed based voltage control framework was developed which uses a simplified 

voltage profile estimation method. Followed by an analysis of using SOP for 

distribution network voltage control, a priority-based coordination, using the proposed 

voltage control framework, was developed to achieve a trade-off among the objectives. 

The effectiveness of the proposed coordinated control strategy was verified under 

various loading and DG penetration conditions.   

  

Chapter six presents the conclusions drawn, main findings and recommendations 

for future work. 
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HIS chapter presents a literature review on the challenges for 

distribution network operation, the network operation functions and 

the state-of-the-art of the SOP studies. 
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2.1 Challenges for Distribution Network Operation 

Since the Carbon Emission Reduction Target (CERT) was introduced into the electric 

industry, electric power distribution networks have undergone dramatic changes. In this 

CERT context, distribution networks should not only be able to deliver electricity to 

customers with acceptable reliability and quality standards, but also to fulfil the tasks, such 

as accommodating increasing renewable energy sources and meeting the sustained high 

level of demand growth resulting from the electrified heating and transport, etc. These 

requirements impose great challenges to distribution networks, in particular in the 

operation perspective.  

2.1.1 Aging Assets and Lack of Circuit Capacity 

In many parts of the world (e.g., the USA and most European countries), the electric 

power system expanded rapidly in 1950s and 1960s [19]. The distribution equipment 

and cables installed then are now beyond its design life and in need of replacement. The 

capital costs of the like-for-like replacements will be very high [19]. The need to 

refurbish the transmission and distribution circuits is an obvious opportunity to 

innovate with new designs and operating practices. In addition, the introduction of 

intermittent DGs can increase the use of tap-changing devices (e.g., OLTC and 

switched capacitor banks) and therefore accelerate failure of the device [20]. A smarter 

operation is therefore needed to make effective use of existing assets and mitigate the 

wear and tear. 

 

In many countries, constructing new overhead lines, needed to meet the load growth 

and to connect renewable DGs, has been delayed for up to 10 years due to the 

difficulties in obtaining rights-of-way and environmental permissions [19]. Therefore, 

some of the existing distribution line circuits are operating near their capacity, limiting 

DG integration and demand growth. This calls for intelligent methods, instead of 

traditional network reinforcement, to increase the power transfer capacity of circuits 
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dynamically and reroute the power flows through less loaded circuits.  

2.1.2 Operational Constraints 

Distribution networks have to operate within prescribed constraints in order to ensure 

secure electricity delivery. These constraints include [21]: voltage constraints, thermal 

constraints, frequency and short-circuit constraints, etc.  

 

With the introduction of DGs and the continuous growth of demand, most distribution 

networks are experiencing constraint breaches. The large-scale integration of DGs can 

cause over-voltages at times of light load, and the demand growth can give rise to local 

low voltages. Hence, adequate voltage management requires a coordinated operation of 

the DGs, on-load tap changers and other equipment (e.g., voltage regulators and 

capacitor banks). Due to the local reverse power flow brought by the DGs, aligned with 

the increased demand, thermal limits of the existing transmission and distribution 

equipment and lines can be exceeded. Thus dynamic ratings that can increase circuit 

capacity in real-time are needed to address the thermal overloading. Some DG plants 

use directly connected rotating machines, for example, old wind turbines and small 

hydro turbines use induction generators while, large hydro turbines use synchronous 

generators [22]. The connection of these generators and new spinning loads can cause 

the maximum fault current to exceed the fault level rating of the distribution network. 

Thus effective fault current limiting technologies or services are required to maintain 

safe operation of the power system. 

 

Therefore, distribution network operation has to be robust and flexible to address the 

constraint problems that are caused by the quantity, geography and intermittency of the 

DG integration as well as the new forms of load. Otherwise, traditional expensive 

network reinforcement has to be carried out. 
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2.1.3 Reliability and Efficiency of Supply 

Morden society has increasing critical loads connected and power blackouts could 

result in enormous monetary loss and society chaos [23]. In the coming decades, the 

proportion of intermittent renewable generation in the energy mix will get higher, 

lowering the overall predictability of the electricity supply. In the meantime, the 

electricity capacity margin is reducing, which increases the risks to security of supply. 

To meet the requirement of the Government’s reliability standard, UK’s utilities had 

defined customer interruptions (CIs) and customer minutes lost (CMLs) as the indicator 

of each DNO’s performance [24]. This calls for effective restoration strategies and 

other post-fault measures to retain or return the supply after the (inevitable) faults in the 

distribution networks. 

 

Electrical power losses are an inevitable consequence of transferring electricity across 

distribution networks and they have significant environmental and financial impact on 

customers. For instance, the energy losses from the electricity distribution networks 

contribute to approximately 1.5 % of Great Britain’s greenhouse gas emissions [25]. 

Moreover, present distribution networks usually have power losses in the range of 3% - 

9% and this accounts for 80% of the total power losses in combined transmission and 

distribution networks [24]. Higher losses (dominated by the ohmic loss: I2R terms) 

would be expected in 2030 due to the anticipated more heavily assets use [24]. All 

these losses are eventually paid for by customers and need to be mitigated. To 

encourage an efficient level of losses in distribution networks, Office for gas and 

electricity Market (OFGEM) has launched a losses incentive mechanism to be a part of 

their network price control since 2015 [26]. An improved operating efficiency is 

therefore needed for minimum energy losses. 
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2.2 Network Operation Functions 

As discussed in the previous section, distribution networks need better control and 

supervision of distribution network facilities to support their operation in facing the 

emerging challenges.  

 

Traditionally, there are well established operation functions available that enable 

control and supervision of distribution network facilities for desired network 

performance. Examples include the network reconfiguration, voltage and reactive 

power control, protection relay coordination and outage management, etc.  

 

At present, the emergence of smart grid concept is a radical reappraisal of the functions 

of distribution networks. In response to the smart grid initiatives, various new 

technologies and applications are being introduced into distribution networks, such as 

the integration of distributed energy resources, active control of demand load and the 

progress of using distribution-level power electronics. These new technologies and 

applications are able to support network operation neither by adding to the 

effectiveness of existing operation functions (e.g., through a coordinated operation) or 

by offering new functions to the distribution network. 

 

This thesis focused on the enhancement of distribution network operation through the 

use of power electronic based equipment - SOP - as well as its operation comparing and 

coordinating with traditional network reconfiguration and network voltage control. As 

background to the research that has been carried out, network reconfigurations, 

coordinated voltage control and the operation functions that can be offered by using 

power electronic devices in distribution networks will be introduced in subsequence 

sections.   
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2.2.1 Network Reconfiguration  

Distribution networks are normally designed as meshed networks but are operated in a 

radial manner with normally open points [27]. Network configurations can be changed 

during the operation by changing the open/close status of switchgears, manually or 

automatically [27]. Figure 2.1 gives an example of network reconfiguration, which is 

based on a three-feeder network with three NOPs (dash lines). The configuration of the 

network is changed by closing NOPs 15 and 26 while opening closed switches 12 and 

13.  

 

 

(a)                                      (b) 

Figure 2.1: Three-feeder example network: (a) before network reconfiguration; (b) 

after network reconfiguration [27] 

The main objectives of network reconfiguration include [19, 28]: 

1. Supply restoration：This optimally restores de-energized customers through 

alternative sources in the case of planned and unplanned power outages.  

2. Load balancing among substation transformers or different feeders and 

equalising the voltages.  

3. Active power loss minimization at a given time or energy loss minimization 

during a period.  
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The methods used to solve the above network reconfiguration problems include those 

based on practical experience and optimization techniques. The methods based on 

optimization techniques determine the optimal network configuration by solving a 

complicated combinatorial, non-differentiable constrained optimization problem [29]. 

Possible solutions include mathematical algorithms [27, 30], computational 

intelligent-based algorithms (for example, generic algorithm, simulated-annealing, 

fuzzy logic) [31-33], and hybrid algorithms which combine two or more above 

algorithms [34, 35].  

 

Network reconfiguration and its significant benefits have been reported in the past 

decades. However, practical applications of automatic network reconfiguration is 

presently very limited due to excessive costs of remotely-controlled switchgear, 

associated ICT infrastructures and maintenance of hardware/software (e.g., excessive 

wear and tear of switches) [36, 37]. The protection coordination requirement for the 

reconfigurable network is also a hurdle [38]. 

 

It is possible to use SOPs to achieve the same aforementioned benefits (objectives) 

offered by network reconfiguration. In the meantime, changes of network topology and 

protection coordination are no longer needed when using the SOP. In the study reported 

in Chapter 4, the potential and benefits of using SOP, compared with traditional 

network reconfiguration, was discussed in further detail.  

2.2.2 Coordinated Voltage Control 

Voltage control refers to the technique of using available voltage control equipment to 

maintain acceptable voltage levels at all points in the distribution network under all 

loading conditions [39]. As discussed in Section 2.1, it is one of the most significant 

issues that limits DG penetration in distribution networks. When DGs units are 

connected to a distribution network, they can significantly change the network voltage 

profile and interfere with conventional local control strategies of the transformer 
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tap-changers, line voltage regulators and shunt capacitors (which are designed based on 

the assumption of unidirectional power flow [40]). This interference leads to [41]: 1) 

unexpected over- and under-voltage, 2) increase in power losses and 3) excessive wear 

and tear of voltage control devices.  

 

In these circumstances, a coordinated operation of the voltage control devices is needed 

to provide adequate voltage management, meanwhile, eliminating the aforementioned 

problems. In the literature, numerous control devices has been conducted to support 

voltage control. Examples include [42-45]: on-load and off-load transformer 

tap-changers, line voltage regulators and switched capacitor banks, energy storage, 

power electronic devices and the control of DG.  

These control devices are the key factors to realize the coordinated voltage control in 

distribution networks. However, the first milestone is to find a most effective control 

strategy to achieve the coordination among the control devices. In the literature, 

numerous voltage control strategies have been proposed to achieve a proper 

coordination. According to the control structure and communication links, they can be 

categorized as [46]:  

i)  Localized coordination: with no communication links, 

ii)  Centralized coordination: with a wide range of communication links, 

iii)  Distributed coordination: with a few communication links among control 

devices. 

 Localized coordination 

Localized coordination does not require communication links. Control devices 

determine their operating set points based on local signals [39]. The coordination 

between the localized control actions can be achieved based on the time delay operation 

[40]. Alternatively, the local control strategies for DG units can be modified to mitigate 
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their impacts on the voltage profile, without modifying conventional local control 

strategies. For example, the authors in [47] proposed a decentralized reactive power 

control approach for the DG units, which absorbs reactive power to compensate the 

effect of voltage rise caused by active power injection. Therefore, the convention local 

control strategy is not affected by the reverser power flow.  

 

The localized coordination approaches are reliable and scalable due to their 

independency and simplicity of control structure. However, their control performances 

are not optimal. Examples include: 1) the high stress on the control devices is not 

relieved, 2) the energy capture from DG units is not maximized, and 3) the feeder 

power losses may increase. 

 Centralised coordination 

Centralized coordination is a fully-coordinated control approach that calculates the 

optimal operating set points for all available controllable devices and delivers the best 

performance possible by solving a multi-objective optimization problem [48]. It is 

usually achieved based on a distribution management system (DMS) to receive 

measurements of the distribution network (e.g., voltage, power flow, and equipment 

status), and, then, to estimate the network status before dispatching control devices 

using state estimation technologies [49].  

 

Figure 2.2 shows an example of the cascaded control architecture for centralized 

coordination. The distribution management system solves the optimization problem by 

either following different objectives at different times or considering conflicting 

objectives together in a weighted manner [50-54]. The DMS then dispatches the control 

devices accordingly via the supervisory control and data acquisition (SCADA) systems.  

 

The main downsides to the centralized coordination include [49, 55]: 1) The extensive 

investment in sensors and communication links; 2) The requirement for the accuracy of 
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the state estimator; 3) The use of power flow and optimization solution at each time 

step, which might cause a large computation burden and numerical convergence issues 

when X/R ratio is low; 4) The undesirable properties with respect to scalability and 

reliability (fragile to single point of failure). 

 

 

Figure 2.2: Cascaded control architecture for centralized coordination [48] 

 Distributed coordination 

Distributed coordination has been proposed recently to tackle the drawbacks of 

centralized and localised coordination [55]. It is usually accomplished by using a 

multi-agent framework. Each agent in the framework is an intelligent entity that can 

perceive its environment, create an action according to its own decision-making and 

communicate with other agents to achieve a common goal [46]. For voltage control 

problems, each control device is considered as an local control agent and communicates 

with other agents for improved control performance [46]. 

 

Compared with the centralized coordination, distributed coordination can reduce the 

communication requirements and computation burden as well as avoid the reliability 

issue (for example, single point of failure) because the dispatching is implemented in a 
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distributed manner, i.e., the original problem is decomposed into smaller sub-problems 

and each is assigned to a particular agent [56]. In addition, the implementation of 

centralized coordination becomes difficult with the increase of uncertainties due to DG 

integration and the efforts to achieve a “plug and play” property. Distributed 

coordination is expected to deal or at least relieve these issues [56]. In this thesis, the 

distributed coordination was employed to provide coordinated voltage control in an 

active distribution network with SOPs. 

 

Numerous efforts have previously been made to achieve distributed coordination for 

network voltage control using the multi-agent framework [41, 46, 55-57]. In [56], a 

multi-agent reactive power dispatching scheme was proposed for voltage support of 

DG units in a single feeder. But the utility voltage control devices (for example, OLTC, 

shunt capacitors) were not considered. The authors in [57] proposed a coordinated 

voltage control for the OLTC control, where the remote terminal units were treated as 

local control agents and provide distributed state estimation. However, the OLTC was 

assumed as the only control devices. In [41] and [55], multi-agent frameworks were 

proposed for coordinated voltage control between both DG units and utility control 

devices. Figure 2.3 shows an example of the coordination among three control agents 

via two ways communication [41]. All three control agents have a common objective 

and each agent also has its own objective (see the circles). The control agent can take 

local measurements, make control decisions and negotiate with other agents when there 

is a need. In these studies, the control performances highly depend on their control 

design since the control optimality tends to be degenerated by the negotiation process 

among agents.  

 

Another coordinated control strategy using a multi-agent framework was proposed in 

[46] to achieve both autonomy and optimal control. The use of “blackboard” memory 

data combined with the multi-agent framework can eliminate unnecessary negotiation 

process among agents and minimize data communications. However, the extensive 
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investment on sensors, the computation burden and the convergence issues due to 

running power flow were not addressed in this study.  

 

Figure 2.3: Coordination among three control agents via two ways communication [41] 

In this thesis reported in Chapter 5, based on the proposed distributed coordination, a 

simplified voltage estimation method was used to reduce the number of sensors in the 

network. In addition, a coordination method was applied on the control agents (SOP, 

OLTC and DGs), which can eliminate unnecessary negotiation process among the 

agents and provide improved control performance without running power flow. 

2.2.3 Operation Functions Offered by Power Electronic devices 

Power electronics, in forms of the high-voltage DC transmission system (HVDC) and 

flexible AC transmission systems (FACTS), has played a visible and key role in 

power-gird control for over 60 years, mainly on the transmission network for bulk 

power transfer [58]. The use of power electronics at the distribution network level has 

been much more limited. At present, under the smart grid concept, visibility, 

controllability, and flexibility will be essential features throughout the future 

distribution network where power electronics can play a key role [19]. Several DNOs 

in the UK have already initiated to offer power electronics solutions to address their 
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network issues [59-61] and, hence, delay or eliminate the need of traditional network 

reinforcement. Further literature on the advantages of power electronic solutions over 

traditional network reinforcement is available in [18]. 

 

A wide variety of network operation functions can be offered by using power electronic 

devices in distribution networks. Examples include voltage control, phase rebalancing, 

active power filtering, fault current limiting and power flow control, etc.  

 

Power electronics can support distribution network voltage control in forms of power 

electronic transformers [62], transformers with electronic tap changers [63] and 

reactive power compensation. Power electronic transformers and transformers with 

electronic tap changers can be installed in place of classical transformers, providing the 

competitive advantages of enabling fast and smooth voltage regulation as well as little 

wear and tear. The reactive power compensation, such as using the STATCOM [64], 

dynamic voltage restorer (DVR) [65] and SOP [61], can tackle the voltage problem 

either at the substation, path-way along the feeder or at the point-of-load.  

 

Phase imbalance, as a result of differences in consumption patterns of consumers, can 

cause higher conduction losses and lower network utilization. It is also considered as a 

major cause of capacity limitation [66]. Power electronic devices that contain a 

common DG bus, such as the unified power quality conditioner, DVR, STATCOM and 

SOP, allow exchange of instantaneous power between the phases and, hence, can be 

used to rebalance current flow on a feeder. 

 

Active power filters for harmonic elimination and power quality improvement have 

been applied within customer premises but not as network elements compensating a 

group of consumers [18]. In recent years, the need for filtering in networks with power 

electronic compensation has been recognized by DNOs, such as filtering in the 

locations with a high penetration of PV [18].  
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Power flow control are traditionally achieved through network reconfiguration with 

existing switchgear (discussed in Section 2.2.1), aiming to increase the power transfer 

capacity of circuits dynamically and reroute the power flows through less loaded 

circuits. At present, an alternative solution, that makes use of power electronics in the 

form of SOP to facilitate power flow in a dynamic and continuous manner, is attracting 

the interest of the DNOs. A Low Carbon Networks Fund (LCFN) project has already 

initiated to install the SOP in UK’s distribution network to verify its effectiveness [61].  

 

This thesis focuses on the new power electronics application. Details on the 

introduction of SOP benefits, types and previous work are presented in the following 

section.    

2.3 Soft Open Points 

2.3.1 Benefits of Soft Open Points 

As shown in Figure 2.4, SOPs are multi-functional power electronic devices (discussed 

in Section 1.2) installed in place of the NOPs in distribution networks. They are also 

referred to as ‘loop power flow controllers’, ‘series controllers’ and ‘DC links’ in some 

literatures. 

 

Figure 2.4: Simple distribution network: option A representing a NOP connection 

and B representing an SOP [67] 
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The most significant advantageous provided by these power electronic devices, 

compared with mechanical switches, are  

 The power flow between the connected feeders can be regulated in a continuous 

and dynamic manner.  

 The reactive power is able to be independently injected or absorbed at both 

interface terminals. Therefore, SOP can be used for dynamic voltage support.   

 The SOP can be used to improve the power quality of the distribution networks 

[68], such as mitigating voltage imbalance, sags, flickers, and low-order 

harmonics, etc. 

 The SOP can be used to connect any feeders regardless of the angular or rated 

voltage difference between them, particularly when the feeders are supplied by 

different substations. This is not possible with the mechanical switches.  

 The short-circuit currents on the radial feeders (without SOPs) are not changed 

with the use of SOPs, owning to the capability of instantaneous fault current 

control. This indicates that this intervention would not require modifications of 

existing network protection assumptions or upgrades of protection devices (this 

is usually the case for a close-loop operation). [69] 

2.3.2 Types of Soft Open Points  

The functionalities of an SOP were descripted in Section 1.2. Possible SOP types, 

enable to realize these defining functionalities, include:  

 Back-to-back VSCs  

 Multi-terminal VSCs  

 Unified power flow controller (UPFC) 

An overview of the topologies of these types of SOPs is shown in Figure 2.5. Each is 
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made from an arrangement of VSCs with varying rating and quantity. The VSC is 

suitable for SOPs due to: 1) the freedom to operate with any combination of active and 

reactive power, 2) the ability to limit (or control) fault current and 3) the possibility to 

supply isolated areas of a network or even provide the black-start ability.  

 

 

Figure 2.5: Topologies of different types of SOPs [70] 

 Back-to-back VSCs 

This thesis focused on the back-to-back VSC based SOP. It consists of two VSCs 

connecting via a common DC link to form an asynchronous AC/AC conversion device. 

Coupling transformers are usually equipped, interfacing each VSC with the connected 

feeder. However, transformerless topologies are possible [71], which reduces the size 

and weight of the device. This arrangement allows active power exchange between the 

AC front ends as well as independent reactive power manipulation at each interface 

terminal.  

 

Under abnormal network conditions, the fault on one feeder can be isolated from the 

other feeder by the DC link. The fault current on the faulted side interfacing VSC can 

also be limited (and controllable) by appropriate control strategy [68]. Post-fault 

restoration is achievable, supplying the isolated loads on one feeder by power transfer 

from the adjacent feeder via the VSCs [68].     

 



Chapter 2                                                            Literature Review 

30 

 

 Multi-terminal VSCs 

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

SOP, in which additional VSCs are connected to a common DC-link. The number of 

VSCs associated with a multi-terminal VSC based SOP is defined as 3 or greater. The 

same features discussed for the back-to-back VSC based SOP are applicable to the 

multi-terminal VSC based SOP.  

 Unified power flow controller (UPFC) 

The UPFC based SOPs, also known as shunt-series VSCs, consists of two VSCs with a 

common DC link. Unlike the configuration of the aforementioned two types, one VSC 

in UPFC is connected in series and the other is connected in shunt with the 

interconnected feeders. The series connected VSC injects a series voltage with 

controllable magnitude and phase angle, thereby controlling the power flows between 

interconnected feeders [72]. The shunt connected VSC supplies the active power 

demanded by the series VSC through the DC link. It can also provide reactive power 

manipulation independent of the operation of the series connected VSC.  

 

The primary advantage of the UPFC based SOPs, compared with the aforementioned 

two types, is the potential to induce power flows greater than VSC rating (for example, 

10 MVA transferred using 1 MVA VSCs). However, this ability is determined not only 

by the device ratings themselves, but also by the network topology, constraints, and 

operating point as well as the device placement [70]. An inherent drawback to the 

UPFC is the fact that the feeders connected with a UPFC are not isolated by a DC-link, 

and, hence, disturbances or faults on one connected feeder will affect the other unless a 

control strategy is developed to reject or compensate for disturbances. The 

instantaneous fault current limitation (or blocking) is possible [73], at the cost of higher 

device ratings. The interconnection is also not asynchronous and therefore the two 

electrical network connected via a UPFC based SOP must be synchronous. 
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2.3.3 Previous Soft Open Points Studies 

Previous work on SOPs is discussed with the research gaps identified in terms of the 

control strategy, benefits analysis and their use for distribution network voltage control.  

 Control strategy   

The control strategy of an SOP has been reported early in 2006 [71]. A 

current-controlled strategy was developed for the operation of a back-to-back VSC 

based SOP. In this control strategy, direct-quadrature (d-q) current components were 

used for each VSC to provide control of instantaneous active and reactive power 

exchange between the VSC and the AC network. The effectiveness of the control 

strategy for instantaneous power flow regulation has been verified by a factory test 

using 6.6kV 1MVA transformerless back-to-back VSCs. But the performance of this 

control strategy under abnormal network conditions, i.e., during a fault and post-fault 

supply restoration, was not investigated.  

 

In [74], the same current-controlled strategy was applied to a multi-terminal VSCs 

based SOP and validated in an experimental way. The transient performance of the 

control strategy during a three-phase short-circuit fault was evaluated. This current 

limiting capability has been demonstrated important to 1) protect VSCs from 

over-currents and 2) limit fault current and therefore maintain the same short circuit 

current as the radial network operation (without VSCs). Nevertheless, the operation of 

the SOP for post-fault supply restoration was not considered.  

 

When the SOP provides post-fault supply restoration to isolated loads, the frequency 

and voltage are not dictated from the grid. Hence, the aforementioned control strategy 

is not desirable because it may cause voltage and/or frequency excursions that can lead 

to either unacceptable operating conditions or instability [75]. The operating principle 

of an SOP under both normal and abnormal network operating conditions was not 

found in previous literatures and need to be investigated. 



Chapter 2                                                            Literature Review 

32 

 

 Benefits analysis 

The benefits of using SOPs in distribution networks have previously been reported for 

different objectives, such as: loss minimization [76-78], feeder load balancing [36, 37] 

and maximisation of network loadability and DG penetration [69, 79, 80]. The authors 

in [69] developed an optimization framework to compare the benefits of using DC links 

(which are also SOPs) with conventional network reinforcement measures. Using the 

framework, a thorough assessment of the most promising SOP type was reported in 

[79]. The benefits of the back-to-back VSC based SOP, UPFC based SOP and a series 

VSC were analysed and compared in terms of their capability to maximise DG 

penetration in distribution networks.  

 

In these literatures, operational benefits of using SOPs were studied mainly based on 

two or three feeders connected by an SOP. Methodologies for benefit quantification and 

the advantages of more widespread use of SOPs in distribution networks have not been 

explored.  

 

On the other hand, it is possible to maximise the benefits of an SOP by combining with 

traditional network reconfiguration (discussed in Section 2.2.1). An SOP is only able to 

regulate the power flow of its own connected feeders. Using network reconfiguration 

can change the feeders that are connected to the SOP dynamically and, hence, can 

benefit the whole network. The combination of network reconfiguration and SOP 

control and its benefits are discussed in further detail in Chapter 4. 

 Distribution network voltage control 

The potential to use SOPs for distribution network voltage control has been reported 

[67] [81] by changing active and reactive power flows on the connected feeders. 

 

In [81], the minimum voltage deviation among multiple feeders was achieved by using 

a multi-terminal VSCs based SOP. The effectiveness of using an SOP to mitigate 
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voltage deviation was compared with that using a close-loop operation. Similar 

performance was observed while the later one requires more complicated protection 

system. However, in this study, the reactive power control ability of the SOP was not 

considered.  

 

In [67], the use of SOPs, controlling both active and reactive power flow, has been 

proposed for network voltage control and, ultimately, higher DG penetration in 

distribution networks. A comparative analysis was conducted between using SOPs and 

conventional voltage control options (for example, OLTC). However, the operation of 

the SOP (set points of active and reactive power) was determined by merely satisfying 

constraints. Well-established voltage control strategies including suitable operation 

mechanisms of the SOP were not elaborated in this study. In addition, the coordination 

of SOPs and other available voltage control devices for improved control performance 

has not been investigated in previous work.  

2.4 Summary 

Challenges for distribution network operation were summarized. The network operation 

functions that enable to deal with emerging challenges were then introduced, with 

special attention paid to the network reconfiguration, coordinated voltage control and 

those functions offered by using power electronics in distribution network level. The 

power electronic applications can offer a variety of operation functions and, hence, will 

play a key role to enable visibility, controllability, flexibility features throughout the 

future distribution networks.  

 

SOP is a power electronic application in distribution networks. The possible layout of 

SOP and its benefits were introduced. In addition, a review of the state-of-the-art of the 

SOP studies was presented and followed by identifying the corresponding research 

gaps.  
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The current-controlled strategy has been reported for SOP operation to achieve the 

defining functionalities. However, this control strategy is not suitable for post-fault 

supply restoration (which is another key functionality of SOP). The operating principle 

of an SOP under both normal and abnormal network operating conditions is yet to be 

explored. Therefore, in this study, operating principle of a back-to-back VSC based 

SOP was investigated under normal conditions, during a fault and post-fault supply 

restoration (discussed in Chapter 3). 

      

The benefits that an SOP can provide have been identified. However, methodologies for 

benefit quantification and the advantages of more widespread use of SOPs in 

distribution networks were not explored. In addition, using SOP control could achieve 

the same objectives as traditional network reconfiguration, and a combination of both 

SOP control and network reconfiguration could maximize the benefits of an SOP as 

well as benefit the whole network. These issues have not been explored in previous 

studies. Therefore, in this study, the operational benefits of using SOPs, with and 

without considering network reconfiguration, were quantified and reported in Chapter 

4. 

 

Distribution network voltage control can be achieved by using SOP through both active 

and reactive power flow control. However, research conducted on suitable operation 

mechanism of SOPs for distribution network voltage control and the coordination with 

existing voltage control devices was not found. Therefore, in this study, a coordinated 

voltage control strategy in active MV distribution networks with SOPs was investigated 

(discussed in Chapter 5), which is based on the distributed coordination. 
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based SOP under both normal and abnormal network operating 
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3.1 Introduction 

In this chapter, the circuit topology of back-to-back VSCs and its suitability for the role 

of an SOP is presented. Two control modes were developed for the operation of a 

back-to-back VSC based SOP. The operating principle of the back-to-back VSC based 

SOP with these two control modes was investigated under both normal and abnormal 

network operating conditions.  

 

Studies on a two-feeder MV distribution network showed the performance of the SOP 

under different network operating conditions: normal, during a fault and post-fault 

supply restoration. During the change of network operating conditions, a mode switch 

method was used to achieve the transition between the control modes. The role and 

importance of soft cold load pickup and voltage synchronisation processes, essential for 

a smooth transition during the switching of control modes, were also investigated. 

3.2 Back-to-Back VSC based SOP 

Figure 3.1a shows a two-feeder distribution network interconnected with a 

back-to-back VSC based SOP. Two VSCs are located between the feeder endpoints and 

connected via a common DC link. The main circuit topology of the back-to-back VSCs 

is shown in Figure 3.1b. It consists of a DC capacitor to provide an energy buffer and 

reduce DC side voltage ripple, two two-level three-phase insulated gate bipolar 

transistor (IGBT)-based VSCs to generate voltage waveforms using pulse width 

modulation (PWM), and two series inductances [82]. These inductances provide 

high-frequency harmonic attenuation, limit the rate of rise of short circuit current, and 

facilitate control of power flow.  
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Figure 3.1: (a) Basic configuration of a distribution network with an SOP; (b) Main 

circuit topology of the back-to-back VSC based SOP. 

The back-to-back VSCs are suitable for SOP operation due to the following 

characteristics: 

 Flexible active and reactive power control 

Both VSCs build their own voltage waveforms with desired amplitude and phase angle. 

This allows a full control of active power flowing through the DC link as well as 

independent reactive power supply or absorption at both interface terminals. This 

controllability enables SOP operation for normal network operating conditions, which 

includes feeder load balancing, power loss reduction and voltage profile improvement. 
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 Instantaneous and independent voltage control 

The voltage waveform built by the VSCs can be controlled dynamically within 

milliseconds thus enabling transient control, e.g. dynamic Volt/VAR control and power 

oscillation damping [83]. In addition, the VSC can build its own voltage without the 

need of an active source at the receiving end. Hence cold load pick up for supply 

restoration is achievable using such device.   

 Disturbance and fault isolation  

Network disturbances and faults on one connected feeder can be isolated from the other 

side by the back-to-back VSCs since transient overvoltage and overcurrent are able to 

be limited by the control scheme [84].  

3.3 Control Modes of the Back-to-Back VSC based 

SOP 

Two control modes were developed to operate the back-to-back VSC based SOP under 

both normal and abnormal network operating conditions. The power flow control mode 

was used to 1) regulate both active and reactive power flow on the connected feeders 

under normal network operating conditions and 2) isolate fault between the 

interconnected feeders when a fault occurs on one feeder. The supply restoration mode 

was used under post-fault supply restoration conditions to provide power supply for the 

isolated loads on one feeder through the other feeder. 

3.3.1 Power Flow Control Mode 

A dual closed-loop current-controlled strategy [85] was used to operate SOP for the 

control of the feeder power flow under normal network operating conditions. 

Current-controlled strategy is advantageous because: 1) it provides de-coupled control 

of active and reactive power components; and 2) it inherently limits the VSC current 
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during network faults. 

 

Figure 3.2 presents the overall control structure. The outer power control loop, the inner 

current control loop and the PLL are the three main components. In the outer power 

control loop (Figure 3.2a), one of the VSCs operates with the P-Q control scheme 

where the active and reactive power errors are transformed into the reference d-q 

current components, 𝑖𝑑
∗  and 𝑖𝑞

∗  through the proportional-integral (PI) controllers. 

Superscript asterisk denotes the reference values. The other VSC operates with the 

𝑉𝑑𝑐 − 𝑄  control scheme maintaining a constant DC side voltage for a stable and 

balanced active power flowing through the DC link. Dynamic limiters for 𝑖𝑑
∗ and 𝑖𝑞

∗ 

are inserted to enable overcurrent limiting during network faults and disturbances. In 

the inner current control loop (Figure 3.2b), the reference VSC d-q voltage, 𝑉𝑑𝑚 and 

𝑉𝑞𝑚 are determined through the PI controllers considering the d-q current errors. The 

voltage feed-forward and current feed-back compensations are used to get a good 

dynamic response [86]. After transforming 𝑉𝑑𝑚  and 𝑉𝑞𝑚  into the VSC terminal 

voltage by the inverse of Park’s transformation [87], the gate signals for the IGBTs are 

obtained through the PWM. The PLL is important for the connection of VSCs to the 

AC network in order to synchronize the phase of the output VSC voltage with the AC 

network voltage. A PLL control topology based on the pq theory was used [88], as 

shown in Figure 3.2c. By using the sum of the products of the feedback signals, 𝑓𝛼 

and 𝑓𝛽 , and input 𝛼 − 𝛽 voltages (from Clark’s transformation [87] of the phase 

voltages), the variation of the angular frequency ∆𝜔 is calculated as:  

 

                       ∆𝜔 = 𝑉𝛼 ∙ 𝑓𝛽 + 𝑉𝛽 ∙ 𝑓𝛼                         (3-1) 

The PLL output angle 𝜃 is then obtained using a PI-controller, a feedback of the base 

angular frequency 𝜔𝑏 and an integrator. 
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Figure 3.2: Control block diagram of the SOP for power flow control mode: (a) outer 

power control loop; (b) inner current control loop; (c) PLL controller 

3.3.2 Supply Restoration Mode 

When loads connected to one VSC of an SOP are isolated, the frequency and voltage of 

this VSC are no longer dictated by the grid. Using the previous current control strategy 

will cause voltage and/or frequency excursions and hence may lead to unacceptable 

operating conditions [75]. 

 

In such a case, the interface VSC (connected to the isolated loads) changes to act as a 
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voltage source in order to provide a desired load voltage with stable frequency. The 

other VSC still acts as a current source operating with the 𝑉𝑑𝑐 − 𝑄 control scheme. 

Figure 3.3 shows the block diagram of the voltage and frequency control strategy for 

the interface VSC. For voltage control, the VSC output voltage is controlled directly in 

the d-q synchronous frame by holding 𝑉𝑞
∗ to zero and controlling 𝑉𝑑

∗ as:  

𝑉𝑑
∗ = √2/3 ∙ 𝑉𝑟𝑚𝑠

∗                        (3-2) 

where 𝑉𝑟𝑚𝑠
∗ is the desired nominal line to line rms voltage of the isolated loads. 

√2/3 is included because Park’s transformation is based on the peak value of the 

phase voltage. The output VSC voltage is regulated by closed loop control and 

generated through the PWM scheme. For frequency control, a stable voltage frequency 

is generated by using the PLL. The input phase voltages of the PLL are assigned by 

transforming the reference d-q voltages, 𝑉𝑑
∗ and 𝑉𝑞

∗ ( 𝑉𝑞
∗ =0) through Clarke’s 

transformation. Thus, ∆𝜔, as shown in Figure 3.2c, is calculated as:  

 ∆𝜔 = 𝑉𝛼 ∙ 𝑓𝛽 + 𝑉𝛽 ∙ 𝑓𝛼 = 𝑉𝑑
∗ ∙ cos 𝜃 ∙ (− sin 𝜃) + 𝑉𝑑

∗ ∙ sin 𝜃 ∙ cos 𝜃 = 0   (3-3) 

Since ∆𝜔 remains zero, the phase angle 𝜃 with a fix frequency of 50 Hz can be 

generated by integrating only the base angular frequency 𝜔𝑏 = 2𝜋 × 50 Hz. 
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Figure 3.3: Control block diagram of the interface VSC for supply restoration control 

mode 
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3.4 SOP Operation in MV Distribution Networks 

The operating principle and performance of the back-to-back VSC based SOP under 

different network operating conditions was analysed using a test system shown in 

Figure 3.4. It consists of two MV feeders with constant impedance loads extracted from 

an IEEE 33-bus distribution network [20] and a back-to-back VSC based SOP placed 

between the feeders. This test system was modelled in EMTDC/PSCAD. The 

parameters of the SOP device are shown in Table 3.1. An average model was used to 

represent the SOP device, where losses, harmonics and fast switching transients of the 

converters were neglected [89] [90].  

SOP

VSC1 VSC2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

0
18 19 20 21 22 23 24 25

HV/MV

Transformer

 

Figure 3.4: Two-feeder MV distribution network with a back-to-back VSC based SOP 

Table 3.1: Parameters of the Back-to-back VSC Based SOP 

          Parameters    Value 

DC link voltage Vdc 35 kV 

Filter inductor Lf 5 mH 

DC link capacitor C 600 μF 

Rated power 1 MVA 

Rated VSC voltage (line to line) 12.66 kV/ 50 Hz 

Rated VSC current 0.08 kA 
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3.4.1 Normal Conditions 

The feasibility of the control strategy for the power flow control mode was verified. 

Step changes on the active and reactive power reference signals were simulated. It was 

assumed that VSC1 is operated in 𝑉𝑑𝑐-𝑄 and VSC2 is operated in 𝑃-𝑄 mode, as 

shown in Figure 3.4. The reference step changes were simulated as follows: positive 

and negative step changes on VSC1 reactive power 𝑄1
∗
 at 1s and 2s; on VSC2 

reactive power 𝑄2
∗
 at 1.5s and 2.5s and active power 𝑃2

∗at 1.5s and 2s; the DC side 

voltage 𝑉𝑑𝑐
∗ remained a constant value. 

 

Figure 3.5 shows the transient responses of the output power with respect to the step 

changes in reference signals. Good tracking performance was observed with accurate 

and rapid attainment of the steady state condition, i.e., attainted the steady state value 

within a few milliseconds without either an under damped response or variation. These 

results suggest the capability of the SOP to provide both instantaneous and longer 

duration power flow regulation as well as dynamic Volt/VAR control under normal 

network operating conditions. In addition, the DC link voltage remained a constant 

value except transient variations occurring upon the step change in the active power, as 

shown in Figure 3.5a. This is due to the step change of the active power which can 

cause instantaneous imbalance of power exchange at the DC link.  

 

Such undesired transient variations are usually damped by increasing the DC link 

capacitance. However, it was found that when the step change in the active power 

decreased, the variation in the DC voltage reduced. As shown in Figures 3.5a and 3.5c, 

the DC voltage variation at t=2s caused by a step change of 0.5 MW was much smaller 

than the variation at t=1.5s caused by a step change of 1 MW. This indicates that tuning 

the active power controller (PI controller) for a slower transient (or step) response is 

viable to alleviate undesirable DC voltage variation without enlarging the DC capacitor. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3.5: Transient response of the power flow control mode to step changes in 

active and reactive power references: (a) DC side voltage; (b) reactive power response 

of VSC1; (c) active power response of VSC2; (d) reactive power response of VSC2 



Chapter 3                                         Control of a Back-to-Back VSC based SOP 

45 

 

3.4.2 During Fault Conditions 

The behaviour of the SOP device and its controllers (power flow control mode) was 

investigated under both balanced and unbalanced network faults. All simulations 

presented in this section were conducted by assuming a fault occurs at Bus 13 (see 

Figure 3.4). VSC1 is operated in 𝑉𝑑𝑐-𝑄 and VSC2 is operated in 𝑃-𝑄 mode.  

 Balanced fault on distribution network  

A three-phase fault was simulated at t=1s with a fault impedance of 3 Ω. Such a high 

impedance fault was chosen to avoid triggering the internal protection of the SOP 

device that is typically designed to limit the VSC current to 2-3 times the full load 

current [91]. It was assumed that the pre-fault direction of power flow is from the 

un-faulted side to the faulted side feeder and the circuit breaker of the faulted side VSC 

is tripped after 200ms.  

 

Figure 3.6 presents the simulation results including the voltage, current and power flow 

on both faulted and un-faulted side VSCs. Power was flowing from the un-faulted side 

feeder to the faulted side feeder before the fault occurred. As seen in Figure 3.6a, the 

faulted side VSC had a limited contribution to the fault current before tripping the 

circuit breaker. The fault current became zero after tripping the circuit breaker. 

However, as expected its output voltage dropped to 2kV (line to ground) and thus an 

under-voltage protection scheme is sufficient to detect such a fault. 

 

In contrast to the faulted side VSC, the un-faulted side VSC had a regulated output 

current and voltage that were not affected by the fault, as shown in Figure 3.6b. This 

suggests that the SOP device can effectively isolate a fault between the interconnected 

feeders. A reduction in the output current is observed after the fault occurred. This is 

due to the decrease of active power flow between the interconnected feeders.  
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Figure 3.6c shows the real and reactive power flow of both VSCs. Both active and 

reactive power outputs on the faulted side VSC (dashed line) decreased during the fault, 

and then became zero after tripping the circuit breaker. Nevertheless, the reactive 

power output on the un-faulted side VSC (solid line) remained at the pre-fault value 

due to the de-coupled controllability of active and reactive power.  

 

 

(a) 

 
(b) 
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(c) 

Figure 3.6: SOP response for a three-phase fault at t=1s and blocked at t=1.2s: (a) 

output voltage (left) and current (right) on the faulted side VSC; (b) output voltage (left) 

and current (right) on the un-faulted side VSC; (c) power flow behaviour on both VSCs 

When the pre-fault active power was flowing from the faulted side to the un-faulted 

side feeder, a similar SOP response as shown in Figure 3.6 was observed 

 Unbalanced fault on distribution network  

A single-phase to ground fault was simulated at t=1s and cut off by tripping the circuit 

breaker after 200ms. The results are depicted in Figure 3.7. The faulted side VSC gave 

a greater contribution to the fault current than in the balanced fault case. Therefore, the 

network overcurrent protection is likely to react more quickly. Protection mechanisms 

based on negative sequence current and voltage are sufficient to protect feeders with 

SOP for this fault type. With respect to the un-faulted side VSC as shown in Figure 

3.7b, it can be seen that both output current and voltage remained at the pre-fault values 

despite the large fault current on the other side VSC.    

 

Regarding the power flow during the unbalanced fault, the output active and reactive 

power on the faulted side VSC remained at the pre-fault values but with notable ripple, 
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as depicted in Figure 3.7c. They became zero after the circuit breaker tripped. In 

contrast, the reactive power supplied by the un-faulted side VSC was barely affected by 

the fault, which remained at the pre-fault value. When the pre-fault active power flows 

from the faulted side to the un-faulted side feeder, the SOP performance is similar to 

those shown in Figure 3.7 

 

(a) 

 

(b) 
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(c) 

Figure 3.7: SOP response for a single-phase to ground fault at t=1s and blocked at 

t=1.2s: (a) output voltage (left) and current (right) on the faulted side VSC; (b) output 

voltage (left) and current (right) on the un-faulted side VSC; (c) power flow behaviour 

on both VSCs 

Simulations have also been conducted when the faulted side VSC operates using the 

𝑉𝑑𝑐-𝑄 scheme. Similar SOP performance was obtained to that shown in Figure 3.6 and 

Figure 3.7. From the results obtained, it is concluded that the SOP device and its 

controllers are effective in isolating the connected feeders during a fault, thus limiting 

both the fault propagation on the network and the increase of short-circuit current. In 

addition, despite the occurrence of a fault, the reactive power controllability on the 

un-faulted side VSC remains. 

3.4.3 Post-fault Supply Restoration Conditions  

Under this condition, the SOP is required to provide a smooth transition between 

different control modes: 1) from the power flow control mode to the supply restoration 

control mode to resume power supply to the un-faulted out-of-service loads; and 2) 

transfer back to the normal operation control mode when the isolated loads reconnect to 

the original feeder. Figure 3.8 shows the transition system based on the control modes 

proposed in Section 3.3. The d-q reference voltages input to the PWM modulation and 
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the input voltages of the PLL controller are changed by two switches ‘𝑆1’ and ‘𝑆2’. The 

controllability of the transition system under the post-fault supply restoration 

conditions was investigated. All simulations presented in this section follow the fault 

occurrence described in Section 3.4.2. The feeder terminal units (FTUs) were assumed 

to be installed in each branch and the total power of isolated loads were within the 

capacity of the SOP device. Note that for a cold load pickup that exceeds the capacity 

of the SOP device, more complicated restoration procedure should be considered. 

However, this is beyond the scope of this work and will be considered as future 

research. 
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Figure 3.8: Control mode transition system 

 Transition from power flow control mode to supply restoration 

mode 

When a fault occurs at Bus 13 and is isolated by the network protection. The SOP is 

changed to supply restoration mode to support the un-faulted out-of-service loads, 

which is from Bus 14 to Bus 17. Once the supply restoration requirement is confirmed, 

switches ‘𝑆1’ and ‘𝑆2’ simultaneously change from the power flow control mode, ‘PFC’ 

to the supply restoration mode, ‘SR’. It is assumed that the restoration requirement is 

confirmed at t=2.2s, i.e., 1s after the fault was isolated. This response delay represents 
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the time used by the distribution automation to isolate a permanent fault and confirm 

the requirement of supply restoration.  

 

Figure 3.9 depicts the simulation results under a hard transition, i.e., directly connecting 

‘𝑆1’ and ‘𝑆2’ to ‘SR’. It is observed that when the output voltage waveform of the 

faulted side VSC was initiated from the desired reference value, a DC component was 

produced in the output AC current, as illustrated in Figure 3.9b. This is due to the 

inductive isolated loads.  

 

(a) 

 

(b) 

Figure 3.9: Results of a hard transition to supply restoration mode at t=2.2s: (a) output 

voltage waveform of the faulted side VSC; (b) output current waveform 

In a highly inductive circuit, the current (sum of AC and DC currents) attempts to 

remain the same upon an instantaneous change in the applied voltage [92]. Therefore, 
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to compensate the change of AC current and thus lead to current DC offsets. As shown 

in Figure 3.10a, the current DC offsets became more severe when an inductance was 

connected in parallel with the isolated load (at Bus 17). Moreover, when a capacitance 

was connected in parallel with the isolated load (at Bus 17), a transient impulse was 

observed in the output current waveform, as shown in Figure 3.10b. The capacitive 

loads such as power factor correction and voltage support capacitors connected to the 

distribution network are normally not automatically disconnected from the network 

during fault isolation. Both of these current DC offset and transient impulse cannot be 

ignored due to the probability of triggering the inverter internal protection as well as 

the feeder protective relays. 

 

 

(a) 

 

(b) 

Figure 3.10: Output current waveforms of the faulted side VSC for a hard transition to 

supply restoration mode with: (a) an inductance connecting to Bus 17; (b) a 

capacitance connecting to Bus 17 
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A soft cold load pickup process to solve the current DC offset or inrush problems was 

proposed:  

1)   To avoid a sudden jump of the terminal voltage, at the instant of connecting 

switches ‘𝑆1’ and ‘𝑆2’ to ‘SR’, the initial values of both PLL angle and output 

voltage of the voltage controller are set to the values of the PLL angle and 

voltage magnitude just before switching to ‘SR’. 

2)   The voltage controller (PI controller) is set for a slower transient response, i.e., 

a larger time constant to achieve a soft increase in the output voltage.  

Figure 3.11 shows the output voltage and current waveforms after using the soft cold 

load pickup process. It can be seen that the output voltage was increased smoothly 

without a sudden jump to the reference value. The DC offset in the output current was 

successfully removed. 

 

(a) 

 
(b) 

Figure 3.11: Results of a smooth transition to supply restoration mode at t=2.2s: (a) 

output voltage waveform of the faulted side VSC; (b) output current waveform 
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 Transition from supply restoration mode to power flow control 

mode 

After the fault clearance, the isolated loads supplied by the SOP are reconnected to the 

original feeder. The SOP has to be changed from the supply restoration mode to the 

power flow control mode by switching ‘𝑆1’ and ‘𝑆2’. The reconnection was assumed to 

occur at t=3s. Figure 3.12 depicts the simulation results under a hard transition, i.e., 

directly connecting ‘𝑆1’ and ‘𝑆2’ to ‘PFC’. There was a current spike and voltage sag 

upon the transition, which may result in unexpected operation of the protection relays.  

 

(a) 

 

(b) 

Figure 3.12: Results of a hard transition to power flow control mode at t=3s: (a) output 

voltage waveform of the faulted side VSC; (b) output current waveform 

The reconnection is carried out after both voltage phase angle and magnitude are 

synchronized with the original feeder in order to avoid excessive transients. The 

detailed procedure for a seamless transition from the supply restoration mode to the 

power flow control mode is illustrated as follows: 
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1)   Confirm that reconnection is required after the network fault has been removed. 

2)   The phase of the load voltage,  𝑉𝑓_𝑟 at the reconnection point, i.e., at Bus 14, 

is synchronized with that of the original feeder voltage at Bus 13,  𝑉𝑙_𝑟: 

 The phase difference between the original feeder and the reconnection point 

voltage is obtained by 

                      ∆𝜃 = 𝑉𝑓_𝑟 −  𝑉𝑙_𝑟                      (3-4) 

 Two sets of voltage values are used to obtain the information ∆𝜃  

           𝑎 = 𝑉𝑓_𝑟𝑎 ∙ 𝑉𝑙_𝑟𝑎 + 𝑉𝑓_𝑟𝑏 ∙ 𝑉𝑙_𝑟𝑏 + 𝑉𝑓_𝑟𝑐 ∙ 𝑉𝑙_𝑟𝑐 =
3

2
cos ∆𝜃      (3-5) 

               𝑏 = 𝑉𝑙_𝑟𝑎 ∙ 𝑉𝑓_𝑟𝑏 + 𝑉𝑙_𝑟𝑏 ∙ 𝑉𝑓_𝑟𝑐 + 𝑉𝑙_𝑟𝑐 ∙ 𝑉𝑓_𝑟𝑎 

               =
3

4
[− cos ∆𝜃 + √3 sin ∆𝜃]                           (3-6) 

Combining (3-5) and (3-6), sin ∆𝜃 can be found as 

sin ∆𝜃 =
√3

3
∙ (

4

3
𝑏 +

2

3
𝑎)                      (3-7) 

Figure 3.13 shows an overview of the phase synchronisation process. ‘S2’ is 

switched to ‘PFC’ after the phase synchronisation is completed. 

Eq. (3-5)

Eq. (3-6)

vf_ra vf_rb vf_rc 

a

b
Eq. (3-7)

sin(  θ)
PI

+
+

dq

abc

vd
*
 

0 
PLL

θ

vl_ra vl_rb vl_rc 

θold 

θnew 

θold 

      
Figure 3.13: Synchronisation controller 

3)   The d−q feeder voltages are assigned as the d−q voltage references of the 

voltage controller in order to adjust the magnitude of the load voltage to that of 
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the grid voltage. 

4)   When both phase and magnitude of the output voltage match the original feeder 

voltage, ‘S1’ is switched to ‘PFC’, and the isolated loads are reconnected to the 

original feeder. To prevent large transient flows of real and reactive power, the 

integers in both power and current controllers are reset and the reference values 

of real and reactive power are set as the value before transfer to the power flow 

control mode. 

Figure 3.14 shows the synchronisation of the voltages when the synchronisation 

algorithm started to work in the supply restoration mode. As can be seen, the 

synchronisation process successfully forced the voltage at the end of the isolated area to 

track the voltage at the original feeder.  

 

 
  (a) 

(b) 

Figure 3.14: Voltage synchronisations for reconnection: (a) phase synchronisation; (b) 

magnitude synchronisation 
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Figure 3.15 depicts the output voltage and current waveforms of the faulted side VSC 

after using the synchronisation process. The current spike and voltage sag were 

successfully reduced.  

 

 

(a) 

 

(b) 

Figure 3.15: Results of a smooth transition to power flow control mode: (a) output 

voltage waveform of the faulted side VSC; (b) output current waveform 

3.5 Summary 

Two control modes were developed for the operation of a back-to-back VSC based SOP. 

For the power flow control mode, a dual closed-loop current-controlled strategy was 

used to regulate both active and reactive power on the connected feeders. For the 

supply restoration mode, a voltage and frequency control strategy was proposed to 
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provide fast power supply restoration when the loads connected to one side of SOP are 

isolated due to network faults. The operational principle of the back-to-back VSC based 

SOP was analysed under both normal and abnormal network operating conditions. Case 

studies based on a two-feeder MV distribution network evaluated the performance of 

the SOP device with the two control modes under normal, faults and post-fault supply 

restoration conditions.  

 

Under normal conditions, the proposed SOP controller provides both instantaneous and 

longer duration power flow regulation between the interconnected feeders and dynamic 

Volt/VAR support on both terminals.  

 

During fault conditions, the SOP controller (power flow control mode) is able to isolate 

both balanced and unbalanced network faults between interconnected feeders. The SOP 

is therefore capable of limiting both the fault propagation on the network and the 

increase of the short-circuit current.  

 

Under post-fault supply restoration conditions, the SOP device was demonstrated to be 

effective in providing fast supply restoration through a smooth transition between the 

power flow control and the supply restoration modes. For the transition from the power 

flow control mode to the supply restoration mode, a soft cold load pickup process was 

preferred over the hard transition. The soft cold load pickup process removed the DC 

offset and inrush problems of the output current which may trigger unexpected 

protection operations. For the transition from the supply restoration mode to the power 

flow control mode, the undesirable current impulse and voltage drop were reduced after 

the use of the voltage synchronisation procedure and the reset of current and power 

controllers.
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HIS chapter investigates the operational benefits of SOPs for MV 

distribution network operation including power loss minimization, 

feeder load balancing and voltage profile improvement.  
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4.1 Introduction 

In this chapter, a steady state analysis framework was developed to quantify the 

operational benefits of a MV distribution network with SOPs.  

 

A generic power injection model of an SOP for steady state analysis was developed, 

which takes into account both physical limitations and internal power losses of the SOP 

device, using back-to-back VSCs. Based on the SOP model, an improved Powell’s 

direct set method was developed to obtain the optimal SOP operation. Distribution 

network reconfiguration algorithms, with and without SOPs, were also developed and 

used to identify the benefits of using SOPs.  

 

The performance of using SOPs, traditional network reconfiguration and the 

combination of both was compared and analysed based on a 33-bus distribution 

network. The impact of DG connections and the impact of SOP device losses were also 

evaluated through quantitative and sensitive analysis. 

4.2 Modelling of Soft Open Points 

Figure 4.1a shows a typical location of an SOP which allows power electronic devices 

to control active power flow between connected feeders and to supply or absorb 

reactive power at its interface terminals under normal network operating conditions. A 

generic power injection model of SOP was developed. This model considers SOP 

terminal power injections and hence enables the incorporation of SOPs into existing 

power flow analysis algorithms without considering the detailed controller design.  
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(a) 

 

(b) 

Figure 4.1: (a) Simple distribution network with an SOP; (b) Power injection model of 

SOP for distribution network power flow control 

Figure 4.1b shows the representation of an SOP model with real and reactive power, 

injecting into feeders I and J through both terminals. Taking these power injections as 

decision variables, the power flow in feeder I is calculated by the following set of 

recursive equations [93]: 

 

𝑃𝑖 = 𝑃𝑖−1 − 𝑃𝐿𝑜𝑠𝑠 (𝑖−1,   𝑖) − 𝑃𝐿,𝑖 = 𝑃𝑖−1 −
𝑟𝑖−1

|𝑉𝑖−1|2
∙ (𝑃𝑖−1

2 + 𝑄𝑖−1
2) − 𝑃𝐿,i      (4-1) 

 

𝑄𝑖 = 𝑄𝑖−1 − 𝑄𝐿𝑜𝑠𝑠 (𝑖−1,   𝑖) − 𝑄𝐿,𝑖    = 𝑄𝑖−1 −
𝑥𝑖−1

|𝑉𝑖−1|2
∙ (𝑃𝑖−1

2 + 𝑄𝑖−1
2) − 𝑄𝐿,i   (4-2) 

 

   |𝑉𝑖|
2 = |𝑉𝑖−1|2 − 2 ∙ (𝑟𝑖−1𝑃𝑖−1 + 𝑥𝑖𝑄𝑖) +

(𝑟𝑖−1
2+𝑥𝑖−1

2)

|𝑉𝑖−1|2
∙ (𝑃𝑖−1

2 + 𝑄𝑖−1
2)      (4-3) 
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with boundary conditions: 

                        |𝑃𝑛 + 𝑃𝑆_𝑖𝑛𝑗
𝐼 | = 𝑃𝐿𝑜𝑠𝑠 (𝑛,   𝑠𝐼)                    (4-4)   

                        |𝑄𝑛 + 𝑄𝑆_𝑖𝑛𝑗
𝐼 | = 𝑄𝐿𝑜𝑠𝑠 (𝑛,   𝑠𝐼)                   (4-5) 

 

where 𝑃 represents active power, 𝑄 reactive power, 𝑉 nodal voltage, 𝑟 resistance 

and 𝑥  reactance. Subscript 𝐿𝑜𝑠𝑠  denotes line losses, and 𝐿  denotes load. The 

variables and parameters are shown in Figure 4.1b. Similar recursive power flow 

equations with boundary conditions are applied to feeder J. 

 

To consider the internal losses of the SOP equipment, the following equality constraint 

of power balance is used: 

  𝑃𝑆_𝑖𝑛𝑗
𝐼 + 𝑃𝑆_𝑖𝑛𝑗

𝐽 + 𝑃𝑆𝑂𝑃,𝐿𝑜𝑠𝑠 = 0                    (4-6) 

where 𝑃𝑆𝑂𝑃,𝐿𝑜𝑠𝑠 denotes the internal power losses of the whole SOP device. 

 

Various types of power electronic devices can be implemented as an SOP, such as 

UPFC, back-to-back VSCs and multi-terminal VSCs. In this work, back-to-back VSCs 

were used. Constraints of such device due to the physical limitations and the internal 

power losses are formulated as follows.  

4.2.1 Physical Limitations of Back-to-Back Converters 

As described in Section 2.3, back-to-back VSCs consist of two VSCs connected via a 

DC link. Both VSCs are able to provide fast and independent control of active and 

reactive power in all four quadrants of the P-Q plane. The terminal power injections of 

back-to-back VSCs operated as a SOP are controlled directly by each VSC, the 

operational limits of VSC capacity and terminal voltage are considered as:  
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     √ 𝑃𝑆_𝑖𝑛𝑗
𝐼 2

+  𝑄𝑆_𝑖𝑛𝑗
𝐼 2

≤ 𝑆𝑉𝑆𝐶,𝑟𝑎𝑡𝑒
𝐼                   (4-7) 

                        𝑉𝑠𝐼 ≤  𝑉𝑉𝑆𝐶,𝑟𝑎𝑡𝑒
𝐼                          (4-8) 

 

where 𝑆𝑉𝑆𝐶,𝑟𝑎𝑡𝑒
𝐼  is the power rating of the VSC connected to feeder I; 𝑉𝑠𝐼 

and 𝑉𝑉𝑆𝐶,𝑟𝑎𝑡𝑒
𝐼  denote the actual and maximum AC terminal voltage. Similar constraints 

are applied to the other side VSC connected to feeder J. 

4.2.2 Internal Power Losses of Back-to-Back Converter 

Internal power losses of the back-to-back device are made up of the losses of its 

individual components, including the semiconductors (conduction and switching 

losses), passive components (DC link capacitor, filter, AC line choke), transformers and 

the cooling system.  

 

As suggested in [94], these losses can be categorized into three components: no load 

losses, linear and quadratic losses depending on the converter current, which is a 

function of the active and reactive power exchanged with the AC network: 

𝑃𝑉𝑆𝐶,𝐿𝑜𝑠𝑠
𝐼 = 𝑎𝐼 ∙ 𝐼𝑉𝑆𝐶

𝐼 2
+ 𝑏𝐼 ∙ 𝐼𝑉𝑆𝐶

𝐼 + 𝑐𝐼                  (4-9) 

      𝐼𝑉𝑆𝐶
𝐼 = 

√ 𝑃𝑆_𝑖𝑛𝑗
𝐼 2

+ 𝑄𝑆_𝑖𝑛𝑗
𝐼 2

|𝑉𝑠𝐼|
                       (4-10) 

where 𝑃𝑉𝑆𝐶,𝐿𝑜𝑠𝑠
𝐼  and 𝐼𝑉𝑆𝐶

𝐼  represent the power losses and the AC current of the VSC 

connecting to feeder I. Similar equations are applied to the other side VSC. Thus all 

equations shown in the following section only illustrate the VSC connected to feeder I. 

 

As shown in (4-9), the total losses are determined by the coefficients, 𝑎𝐼, 𝑏𝐼and 𝑐𝐼. 

These coefficients are difficult to obtain due to the limited information from the open 

literature or manufacturers. Usually only the internal power losses (or efficiency) under 
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nominal conditions (rated power) and the no load loss, 𝑐𝐼are given.  

 

A linear function is used to approximate the quadratic one in (4-9): 

𝑃𝑉𝑆𝐶,𝐿𝑜𝑠𝑠
𝐼 = 𝑘𝐼 ∙ 𝐼𝑉𝑆𝐶

𝐼 + 𝑐𝐼                         (4-11) 

             𝑘𝐼 = (𝑃𝑉𝑆𝐶,𝐿𝑜𝑠𝑠,𝑟𝑎𝑡𝑒
𝐼 − 𝑐𝐼)/𝐼𝑉𝑆𝐶,𝑟𝑎𝑡𝑒

𝐼                   (4-12)   

where 𝑃𝑉𝑆𝐶,𝐿𝑜𝑠𝑠,𝑟𝑎𝑡𝑒
𝐼  and 𝐼𝑉𝑆𝐶,𝑟𝑎𝑡𝑒

𝐼  are power losses and AC current of the VSC 

connected to feeder I under nominal condition.  

 

Comparing the internal power losses derived from (4-9) and (4-11), as shown in Figure 

4.2, it is noted that when 𝐼𝑉𝑆𝐶
𝐼 ≤ 𝐼𝑉𝑆𝐶,𝑟𝑎𝑡𝑒

𝐼 , the device power losses using the 

approximate model are higher than those using the quadratic one, i.e., more 

conservative conclusions are drawn. Therefore, the approximate model was used in this 

work.  

 

Figure 4.2: Comparison between the quadratic and approximate loss estimation 

function 
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4.3 Optimal Operation of the Soft Open Points 

The benefits of SOPs for both system loss reduction and feeder load balancing were 

investigated. To quantify these benefits, the amounts of real and reactive power 

injections of the SOPs were determined through solving a combinational nonlinear 

constrained optimization problem. 

4.3.1 Problem Formulation 

Two objective functions are used separately to quantify the optimality of the SOP 

operation. 

 Active power loss minimization 

The active power losses consist of two components: the feeder losses and the internal 

power losses of the SOP devices. The active power loss minimization problem is 

formulated as:                                             

    Minimize   𝑃𝑇,𝐿𝑜𝑠𝑠 = ∑ 𝑟𝑘 ∙
𝑃𝑘

2+𝑄𝑘
2

|𝑉𝑘|2

𝑛𝑙
𝑘=1 + 𝑃𝑆𝑂𝑃,𝐿𝑜𝑠𝑠          (4-13) 

where 𝑟𝑘 , 𝑃𝑘 , 𝑄𝑘 , 𝑉𝑘  are resistance, active power, reactive power, and voltage of 

branch k; and 𝑛𝑙 is the total number of branches in the network. 

 Feeder load balancing 

A branch loading index 𝐿𝐼𝑘 is used to measure the loading level of each branch in the 

network, which is expressed as: 

                      𝐿𝐼𝑘 = (
𝐼𝑘

𝐼𝑘,𝑟𝑎𝑡𝑒
)

2

    ∀ 𝑘 ∈ 𝑛𝑙                                (4-14) 

where 𝐼𝑘 and 𝐼𝑘,𝑟𝑎𝑡𝑒 are the actual and the rated branch current of branch k. 

 

Feeder load balancing is achieved by minimizing the load balance index 𝐿𝐵𝐼, which is 

defined as the sum of branch load balancing indices, as shown in (4-15): 
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                      𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒   𝐿𝐵𝐼 = ∑ 𝐿𝐼𝑘
𝑛𝑙
𝑘=1                   (4-15) 

 Constraints 

Constraints of the distribution network and the SOP devices are considered. The device 

constraints of each SOP are shown in (4-6)-(4-8). The network constraints are 

expressed as follows: 

                             𝑔(𝑥, 𝑠) = 0                         (4-16) 

        |𝑉𝑖,𝑚𝑖𝑛| ≤ |𝑉𝑖| ≤ |𝑉𝑖,𝑚𝑎𝑥|  ∀ 𝑖 ∈ 𝑛𝑏               (4-17) 

              |𝑆𝑘| ≤ |𝑆𝑘,𝑚𝑎𝑥|  ∀ 𝑘 ∈ 𝑛𝑙                    (4-18) 

where 𝑔(𝑥, 𝑠), 𝑉𝑖,𝑚𝑖𝑛, 𝑉𝑖,𝑚𝑎𝑥 and 𝑆𝑘,𝑚𝑎𝑥 are the power flow equations, the minimum 

and the maximum voltage of bus i and the maximum capacity allowed in branch k. 𝑛𝑏 

are the total number of buses of the network. 

 Penalty function 

Constrains of mentioned above are included into the objective function by using the 

penalty function method. In this way, unconstrained optimization methods are used 

directly by solving the transformed objective function (with penalty terms): 

 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒    𝐹𝑜𝑏𝑗(𝑺) = {𝑃𝑇,𝐿𝑜𝑠𝑠 𝑜𝑟 𝐿𝐵𝐼} + 𝑘1 ∙ 𝑓𝑆𝑂𝑃 + 𝑘2 ∙ 𝑓𝑉 + 𝑘3 ∙ 𝑓𝑆   (4-19) 

where 𝑘1, 𝑘2, 𝑘3 are the penalty constants; 𝑓𝑆𝑂𝑃 , 𝑓𝑉 , and 𝑓𝑆 are the penalty functions 

for violations of the SOP device constraints, the network voltage and capacity 

constraints; S denotes the decision variable vector.  

 

Based on the power injection model of SOP in Section 4.2, the real and reactive power 

injections at both terminals are specified as the decision variables: with one SOP 

installation, 𝑺 = [𝑃𝑆𝑖𝑛𝑗

𝐼 , 𝑄𝑆𝑖𝑛𝑗

𝐼
, 𝑄𝑆𝑖𝑛𝑗

𝐽 ]T.  𝑃𝑆_𝑖𝑛𝑗
𝐽  is not included in 𝑺 since it is determined if 
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𝑺 is specified according to the equality constraint equation of (4-6). Therefore, the 

coordinates of n SOPs are combined together sequentially to obtain a point of  𝑺 in a 

3n-dimentional space, thus 

𝑺 = [𝑃𝑆_𝑖𝑛𝑗,   1
𝐼 , 𝑄𝑆_𝑖𝑛𝑗,   1

𝐼
, 𝑄𝑆_𝑖𝑛𝑗,   1

𝐽
, 𝑃𝑆_𝑖𝑛𝑗,   2

𝐼 , 𝑄𝑆_𝑖𝑛𝑗,   2
𝐼

, 𝑄𝑆_𝑖𝑛𝑗,   2
𝐽

,  

              … , 𝑃𝑆𝑖𝑛𝑗,   𝑛
𝐼 , 𝑄𝑆𝑖𝑛𝑗,   𝑛

𝐼 , 𝑄𝑆𝑖𝑛𝑗,   𝑛
𝐽  ]T                 (4-20) 

4.3.2 Method of Determining Optimal SOP Operation  

Based on the Powell’s Direct Set (PDS) method presented in [95], an improved PDS 

method to optimize the SOP operation was developed. The performance improvement 

is achieved by obtaining a good initial approximated SOP operation. 

 Powell’s Direct Set method  

Most mathematical optimization methods require expressions of the derivatives to 

define the direction of movement, i.e. search the direction approaching to the optimum 

(from a starting point). 

 

The Powell’s Direct Set method is a direct search method proposed by Powell et al. 

[95]. It defines the search directions in a direct manner, i.e., solely depending on the 

objective function itself. Therefore, this method is easy to implement and is not limited 

by the existence of derivatives of the objective function. It has been successfully 

applied to solve problems for which it is difficult or impossible to calculate the 

derivatives [96-98]. 

 

A comprehensive review of PDS method as well as the mathematical proof of its 

convergence were given in [95]. Three key properties of this method are highlighted 

below:  
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i. For an N-dimensional problem, minimization is achieved by an iterative procedure 

that searches down N linear independent directions within each iteration, i.e. 

starting from the best known approximation to the optimum.  

ii. Fast convergence to the optimum is achievable by only searching down N mutually 

conjugate directions. The optimal solution of a quadratic function has been proved 

achievable by searching along those mutually conjugate directions once only. 

Hence only N iterations are required to solve the N-dimensional quadratic problem 

[95]. The efficacy has also been demonstrated for any other function forms, as 

presented in [96, 97], but may require more iterations.  

iii. The mutually conjugate directions are generated after each iteration, as illustrated 

in the following part. 

 PDS method for optimal SOP operation 

The process of determining optimal SOP operation using the PDS method is shown in 

Figure 4. 3. 

(1) Initialization

(2) Generate a new mutually conjugate direction ƺConju. 

(4) Find the minimum of  Fobj   along the conjugate direction ƺConju.

(5)Stopping rule satisfied?

(6) Output the results: 

Fobj and SOP operation S;

(7) End

No

Yes

(3) Update the search direction set {ƺ} ?

Yes

No

 Figure 4.3: Flow chart of the proposed PDS method 
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STEP 1): Initialization. Based on (4-20), the initial approximate SOP operation 𝑺𝟎
(1)

, 

the initial search direction set with 3n linear independent search directions, {𝝃}(𝟏) =  

{ 𝝃𝟏
(1)

, … ,  𝝃𝒊
(1)

, … ,  𝝃𝟑𝒏
(1)

}  and the convergence criterion  𝜀  are specified. The 3n 

directions in   {𝝃}(𝟏) are initially chosen to be the co-ordinate directions (linear 

independent). This means only one decision variable in (4-20) will be changed when 

searching along one direction. 

 

STEP 2): Generate a new mutually conjugate direction within one iteration. There are 

two sub steps: 

i. Starting from 𝑺𝟎
(𝑘)

, k indicates the iteration number (one iteration includes 

searching along 3n directions, k=1 initially), sequentially find 𝑺𝒊
(𝒌)

 which gives 

the minimum of the objective function (4-19) along each search direction,  𝝃𝒊
(𝑘)

 

in {𝝃}(𝒌), which is expressed as:  

 Min  𝐹𝑜𝑏𝑗(𝑺𝒊
(𝑘)

)  =  𝐹𝑜𝑏𝑗(𝑺𝒊−𝟏
(𝑘)

+ 𝜆𝑖 ∙ 𝝃𝒊
(𝑘)

),   i=1, 2,…, 3n     (4-21) 

In this work, a one-dimensional search method, the golden section search [95], 

was adopted to calculate the optimal step size, 𝜆𝑖. The load flow analysis method 

introduced in [99] combined with the SOP injection model formulated in (4-1) - 

(4-6) was implemented as a subroutine to calculate the objective function 

𝐹𝑜𝑏𝑗(𝑺𝒊
(𝑘)

) in (4-21). 

 

ii. After searching down the 3n directions, a conjugate direction is generated by 

(4-22) 

𝝃𝒄𝒐𝒏𝒋𝒖.
(𝑘)

= 𝑺𝟑𝒏
(𝑘)

− 𝑺𝟎
(𝑘)

                      (4-22) 
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STEP 3): Update the search direction set for the next iteration {𝝃}(𝒌+𝟏). Two scenarios 

are considered: 

i. If n=1, discard the first direction  𝝃𝟏
(𝑘)

 in { 𝝃𝒊
(𝑘)

} by adding  𝝃𝒄𝒐𝒏𝒋𝒖.
(𝑘)

 to the end, 

as shown in (4-23): 

                    {𝝃}(𝒌+𝟏) = { 𝝃𝟐
(𝑘)

, 𝝃𝟑
(𝑘)

, … ,  𝝃𝟑𝒏
(𝑘)

, 𝝃𝒄𝒐𝒏𝒋𝒖.
(𝑘)

}            (4-23) 

 

ii. If n>1, a ‘smarter’ updating procedure is required to ensure a reasonable rate of 

convergence, i.e., replace the direction in  {𝝃}(𝒌) , which shows the worst 

performance. The general procedure is presented as follows [95]: 

 

 Find  𝝃𝒎
(𝑘)

 that gives maximum reduction among the previous 

one-dimensional searching processes in Step 2, as shown in (4-24): 

      ∆𝑚𝑎𝑥= 𝑀𝑎𝑥
𝟏≤𝒎≤𝟑𝒏

{ 𝐹𝑜𝑏𝑗(𝑺𝒎−𝟏
(𝑘)

) −  𝐹𝑜𝑏𝑗(𝑺𝒎
(𝑘)

)}         (4-24) 

 Replace  𝝃𝒎
(𝑘)

 by 𝝃𝒄𝒐𝒏𝒋𝒖.
(𝑘)

 to give more efficient convergence if the 

following two criterions are satisfied:  

(𝑤1 − 2𝑤2 + 𝑤3)(𝑤1 − 𝑤2 − ∆𝑚𝑎𝑥)2 <  0.5 ∙ ∆𝑚𝑎𝑥(𝑤1 − 𝑤3)2

 𝑤3 < 𝑤1
}    (4-25) 

where 𝑤1 =  𝐹𝑜𝑏𝑗(𝑺𝟎
(𝑘)

), 𝑤2 =  𝐹𝑜𝑏𝑗 (𝑺𝟑𝒏
(𝑘)

),𝑤3 =  𝐹𝑜𝑏𝑗 (2 ∙ 𝑺𝟑𝒏
(𝑘)

− 𝑺𝟎
(𝑘)

). Thus, 

{𝝃}(𝒌+𝟏) = { 𝝃𝟏
(𝑘)

, … ,  𝝃𝒎−𝟏
(𝑘)

, 𝝃𝒄𝒐𝒏𝒋𝒖.
(𝑘)

,  𝝃𝒎+𝟏
(𝑘)

, … ,  𝝃𝟑𝒏
(𝑘)

}       (4-26) 

Otherwise{𝝃}(𝒌)is not updated in this iteration, let  𝑺𝟎
(𝑘+1)

= 𝑺𝟑𝒏
(𝑘)

 and jump 

to Step 5. 
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STEP 4): Search down along the conjugate direction. Calculate 𝜆  as (4-21) so 

that 𝐹𝑜𝑏𝑗( 𝑺𝟎
(𝑘+1)

)  reaches its minimum along the conjugate direction generated in 

(4-22). Let  𝑺𝟎
(𝑘+1)

= 𝑺𝟑𝒏
(𝑘)

+ 𝜆 ∙ 𝝃𝒄𝒐𝒏𝒋𝒖.
(𝑘)

.  

STEP 5): Convergence check. If ‖ 𝑺𝟎
(𝑘+1)

− 𝑺𝟎
(𝑘)

‖ > 𝜀, let k=k+1 and then go to Step 2, 

else stop. 

 

An example shown in Figure 4.4 illustrates the searching of the optimization process. 

As the red solid line shows, the optimization starts from an initial approximation 𝑺𝟎
(1)

 

and then reaches the minimum 𝑺𝟏
(1)

,  𝑺𝟐
(1)

,  𝑺𝟑
(1)

along each of the coordinate directions 

in {𝝃}(𝟏). The first conjugate direction 𝝃𝒄𝒐𝒏𝒋𝒖.
(1)

 is hence obtained, as shown by the blue 

dotted arrow. After searching along the conjugate direction, a new approximation 𝑺𝟎
(2)

 

is obtained for the second iteration. 

 

Figure 4.4: Example of one SOP optimization by PDS method 
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 Determine the initial approximated SOP operation 

The PDS method is able to start from any initial point 𝑺𝟎
(1)

. A good approximation of 

SOP operation is obtained by running the PDS method once using the objective 

function of (4-21) with simplified power flow equations given by [99]: 

i. All nodal voltage magnitudes are assumed to be 1 p.u., equations (4-13) and 

(4-15) are reduced to  

                  𝑃𝐿𝑜𝑠𝑠 ≈ ∑ 𝑟𝑘 ∙ (𝑃𝑘
2 + 𝑄𝑘

2) + 𝑃𝑆𝑂𝑃,𝐿𝑜𝑠𝑠
𝑛𝑙
𝑘=1              (4-27) 

                           𝐿𝐼𝐵 ≈ ∑
𝑃𝑘

2+𝑄𝑘
2

𝐼𝑘,𝑟𝑎𝑡𝑒
2

𝑛𝑙
𝑘=1                          (4-28) 

ii. Ignoring all the quadratic terms (line losses) from the power flow 

equations in (4-1)-(4-3). The branch power 𝑃𝑘 and 𝑄𝑘 are obtained by 

summing up the downstream power loads: 

𝑃𝑘 ≈ ∑ 𝑃𝐿,𝑖
𝑛
𝑖=𝑘+1                          (4-29) 

    𝑄𝑘 ≈ ∑ 𝑄𝐿,𝑖
𝑛
𝑖=𝑘+1                         (4-30) 

The constraints of nodal voltage and branch capacity are considered by: 

 

    |𝑉𝑖|
2 ≈ |𝑉0|2 − 2 ∑ (𝑟𝑘𝑃𝑘 + 𝑥𝑘𝑄𝑘) ≤ 𝑉𝑚𝑎𝑥

2𝑖
𝑘=1          (4-31) 

𝑆𝑘 ≈ (𝑃𝑘
2 + 𝑄𝑘

2) ≤ 𝑆𝑘,𝑚𝑎𝑥
2
                  (4-32) 

Using the simplified equations, as shown in (4-27)-(4-32), the initial approximated SOP 

operation is able to be obtained directly without using the accurate load flow 

calculations. 
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4.4 Network Reconfiguration Considering SOPs 

Reconfiguring distribution networks is used to achieve better network operation 

including power loss minimization, feeder load balancing and supply restoration. To 

investigate the performance of distribution network reconfiguration when SOPs are 

installed to replace some of the normally-open points, the proposed PDS method for 

optimal SOP operation was combined with the network reconfiguration method 

introduced in [34]. 

The procedure of the combined algorithm is given in Figure 4.5. 

Start

Determine the sequence of load busbars to search supply paths

Find the optimal network configuration using a shortest path search algorithm

Calculate the combined results as fitness  values

Stopping criteria is satisfied?

Output optimization results 

End

GA algorithm 

with

Selection, 

crossover and  

mutation

Yes

No

Determine optimal SNOP operation using the PDS method

 

Figure 4.5: Flowchart of proposed network reconfiguration considering SOPs 
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According to [34], a shortest-path algorithm is used to find the optimal electricity 

supply path for each load busbar. A genetic algorithm (GA) with the selection, 

crossover and mutation operators is used to optimize the sequence of load busbars 

searching for the supply paths because the sequence affects the obtained network 

configurations. The improved PDS method for optimal SOP operation is integrated 

after the shortest path algorithm. The fitness functions are formulated in Section 4.3.1. 

4.5 Case Study 

A 33-bus distribution network, as shown in Figure 4.6, was used for case study [99]. 

This network has 32 normally-closed switches, 5 normally-open switches and the 

nominal voltage is 12.66 kV. The total real and reactive power loads are 3,715 kW and 

2,300 kVar. Four normally-open switches, i.e., the switches between buses 25 and 29, 

33 and 18, 8 and 21, 12 and 22, were chosen as candidate places for SOP installation. 

The size of each SOP unit was assumed to be 3 MVA. Such a large size is chosen to 

ensure enough capacity for SOP operations under all studied network conditions. 

 

Figure 4.6: 33-bus distribution network [99] 

Four cases were defined and used for quantifying the benefits of SOPs for improvement 

of network performance: 
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Case I: Improve network performance using SOPs; 

Case II: Improve network performance considering both SOPs and network    

reconfiguration; 

Case III: Impacts of DG connections; 

Case IV: Impact of power losses of SOP devices. 

4.5.1 Improve Network Performances Using SOPs   

The impact of different number of SOPs installed in the network on both power loss 

minimization and feeder load balancing was investigated. The device power losses 

were ignored for this case. 

 Power loss minimization 

Figure 4.7a shows the results of minimized power losses with 1 to 4 SOPs installed in 

the network. There was a significant reduction (by 42%) of the system power loss with 

one SOP installation. With more SOPs installed in the system, the total power losses 

were further reduced (by 57%).The voltage profiles of the system were also improved 

with the SOP installations, as shown in Figure 4.7b. 
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(b) 

Figure 4.7: Impact of different number of SOP installation on power loss minimization 

and voltage profile improvement 

 Feeder load balancing 

One feeder of the network from branch L25 to branch L32 as shown in Figure 4.8 was 

assumed to be heavily loaded, i.e., 1.6 times higher than the loading under the normal 

condition. Table 4.1 shows the impact of different number of SOPs on feeder load 

balancing. It is observed that the system load balancing index LBI was reduced by 

47.73% with one SOP. Although the LBI reduction was further improved with more 

SOPs installed, the rate of improvement was diminishing.  

Table 4.1: System Load Balancing Index with Different Number of SOP Installation 

Number of SOP Installed 0 1 2 3 4 

 

SOP Locations (Branches) 

_ 
25-29 25-29 

18-33 

25-29 

18-33  

12-22 

26-29 

18-33  

12-22  

8-21 

System Load Balancing Index 6.156 3.218 2.566 2.428 2.389 

% LBI Reduction −  47.726 58.317 60.056 61.192 
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Figure 4.8a illustrates the branch loading profile of the network. By using SOPs, the 

loading of those heavily loaded branches (e.g. branches L1 to L6 and L25 to L30) was 

reduced dramatically by transferring loads to the lightly loaded branches via SOP 

control. As a consequence, the loading levels from branches L12 to L24 were increased. 

The voltage profile was also improved, as shown in Figure 4.8b. The minimum bus 

voltage (at bus 32) was 0.88 p.u. due to overloading, and it was improved by 9.09% 

after the system loading was balanced using SOPs. 

 

 

(a) 

 

(b) 

Figure 4.8: Impact of different number of SOP installation on load balancing and 

voltage profile improvement 
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 Performance of the improved PDS method for optimal SOP 

operation 

Table 4.2 lists the computation time required for the calculation of above case studies 

considering only one SOP. The total time required by using the conventional PDS 

method (starting from an arbitrary point) and the proposed method with a good initial 

approximation were compared. It can be seen that for both power loss minimization 

and feeder load balancing there were significant reductions in computation time by 

using the improved PDS method. Especially for solving the feeder load balancing, the 

total CPU time was reduced by 68% (from 8.295s to 2.614s) after using the improved 

PDS method. 

Table 4.2: Results of Computing Time for Optimal SOP Operation 

Optimization 

technique 

Power loss minimization Feeder load balancing 

 PDS Improved 

PDS 

 PDS Improved 

PDS 

 

CPU time (s) 

Light Loading 4.565 1.998 

Overload 

Condition 

 

8.295 

 

2.614 Normal Loading 5.364 3.343 

Heavy Loading 5.774 3.578 

 

4.5.2 Improve Network Performance Considering both SOP and 

Network Reconfiguration 

The benefits of combining SOP and network reconfiguration for power loss 

minimization and feeder load balancing were evaluated. In this case, the SOP device 

was assumed to be located between buses 25 and 29 and its power losses were ignored. 

Another three case studies were also carried out for comparisons, which are  

- Base case study with neither reconfiguration nor SOP;  

- Case study considering only network reconfiguration;  

- Case study considering only one SOP, which is located between buses 25 and 29. 
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 Power loss minimization 

The network performance on power loss minimization was simulated under three 

loading conditions: light (50%), normal (100%), and heavy (160%). The simulation 

results are listed in Table 4.3.  

Table 4.3: Results of Different Methods for System Power Loss 

Case Studies 

Load Level 

Light (0.5) Normal (1.0) Heavy 

(1.6) 

Base Case 

No reconfiguration 

No SOP installed 

Switches with open status 8-21 12-22 25-29 9-15 18-33 

Power Loss (kW) 47.118 202.876 575.966 

Minimum Voltage (p.u.) 0.958 0.913 0.853 

 

Only network 

reconfiguration 

Switches Opened 7-8 9-10 14-15 25-29 32-33 

Power Loss (kW) 33.312 137.946 381.418 

% Loss reduction 29.301 32.005 33.778 

Minimum Voltage (p.u.) 0.970 0.938 0.897 

 

 

 

 

Only SOP 

Switches with open status 8-21 12-22  9-15 18-33 

 

SOP 

Operation 

𝑃𝑆_𝑖𝑛𝑗
1 / MW 0.230 0.605 0.998 

𝑄𝑆_𝑖𝑛𝑗
1 / MVar 0.225 0.471 0.784 

𝑄𝑆_𝑖𝑛𝑗
2 / MVar 0.610 1.239 2.017 

Power Loss (kW) 29.774 124.456 337.525 

% Loss reduction 36.810 38.653 41.398 

Minimum Voltage (p.u.) 0.967 0.933 0.890 

 

 

 

 

Combined 

network 

reconfiguration 

with SOP 

 

Switches with open status 7-8  9-10 14-15 18-33 

 

SOP 

Operation 

𝑃𝑆_𝑖𝑛𝑗
1 / MW 0.183 0.374 0.607 

𝑄𝑆_𝑖𝑛𝑗
1 / MVar 0.215 0.424 0.697 

𝑄𝑆_𝑖𝑛𝑗
2 / MVar 0.516 1.045 1.686 

Power Loss (kW) 22.758 93.915 250.179 

% Loss reduction 51.700 53.708 56.564 

Minimum Voltage (p.u.) 0.978 0.955 0.925 
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The percentages of  total power loss reduction implies that using only one SOP 

achieved a similar power loss reduction to that of network reconfiguration under three 

loading conditions. The most significant power loss reductions and voltage 

improvement under all three loading conditions were obtained using the combined 

method. The SOP operation required to achieve power loss minimization indicates that 

the combined method contributed more to power loss reduction while requiring smaller 

SOP sizes. 

 

Figure 4.9 illustrates the voltage profiles of all case studies under the normal loading 

condition. The shapes of the voltage profile under the other two loading condition were 

the same except minor change in magnitude, and hence are not illustrated.  

 

Figure 4.9: Voltage profiles of the network under normal loading condition 

 Feeder load balancing 

The same overloading condition described in the previous case study was simulated. 

Table 4.4 presents the load balancing index for the four case studies. The branch 

loading profiles and voltage profiles are shown in Figure 4.10. From these results, it is 

seen that by using only one SOP to control network power flows achieved better 

performance on load balancing than that of using network reconfiguration to change the 
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open/close status of a sequence of switches. The highest LBI reduction, i.e., the most 

well-balanced network, and the highest improvement on minimum voltage were 

achieved using the combined method. 

Table 4.4: Results of Different Methods for Load Balancing 

Case Studies Base  

Case 

Only network 

reconfiguration 

Only 

SOP 

Combined 

reconfiguration with SOP 

System load balancing index 6.156 4.139 3.218 2.594 

LBI reduction (%) - 32.765 47.726 68.337 

Minimum Voltage (p.u.) 0.880 0.904 0.928 0.943 

SOP 

Operation 

𝑷𝑺_𝒊𝒏𝒋
𝟏 / MW - - 0.916 1.142 

𝑸𝑺_𝒊𝒏𝒋
𝟏 / MVar - - 0.569 0.577 

𝑸𝑺_𝒊𝒏𝒋
𝟐 / MVar - - 1.791 2.417 
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(b) 

Figure 4.10: Results of load balancing capability and relevant voltage profile 

improvement under different methods 

4.5.3 Impact of DG Connections 

A large capacity of intermittent renewable energy in the distribution network can 

aggravate feeder loads unbalance and network power losses. To evaluate the benefits of 

using the SOP for power loss minimization and feeder load balancing with DG 

connections, three DGs were assumed to be connected to buses 16, 17 and 18. Each DG 

had a power production of 1 MW with a unity power factor and was modelled as a 

negative load in this study. An SOP was assumed to be located between buses 18 and 

33 and its power losses were ignored. Five case studies were carried out for 

comparisons, which are  

− Base case study with and without DG connections; 

− Case study using only network reconfiguration;  

− Case study using only one SOP;  

− Case study using the combined network reconfiguration and SOP. 
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 Power loss minimization 

Table 4.5 shows the network power losses for the five case studies under normal 

loading conditions. It can be seen that the network power losses were increased by 70% 

due to the DG connections. A significant power loss reduction (72%) was achieved by 

using only one SOP, which gave better performance than by using only network 

reconfiguration. The most significant power loss reduction was obtained by using the 

combined method while requiring smaller SOP size. Figure 4.11 shows the voltage 

profile of the network. There was a notable voltage rise due to the DG connections. The 

use of SOP (either with or without network reconfiguration) achieved much flatter 

network voltage profiles. 

Table 4.5: Results of Different Methods for Power Loss Minimization with DG 

Connections 

Case Studies 
Base  Case 

without DGs 

Base  Case 

with DGs 

Only Network 

Reconfiguration 

Only 

SOP 

Combined 

Method 

Total Power Losses (kW) 202.875 345.502 120.783 92.334 63.221 

% Loss Reduction  - - 65.044 73.275 81.702 

SOP 

Operation 

𝑃𝑆_𝑖𝑛𝑗
1 / MW - - - 1.661 1.606 

𝑄𝑆_𝑖𝑛𝑗
1 / MVar - - - 0.376 0.381 

𝑄𝑆_𝑖𝑛𝑗
2 / MVar - - - 0.899 0.904 

 

 

Figure 4.11: Voltage profiles of the network under different cases with DG connection 
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 Feeder load balancing 

To evaluate the benefits of the SOP for feeder load balancing with DG connections, 

(especially when one feeder has high DG power generation while the other one is under 

a heavy loading condition,) the same overloading condition adopted previously was 

used again. Table 4.6 shows the load balancing index for the five case studies. It is 

observed that the network was more unbalanced (higher LBI) after connecting DGs. A 

significant reduction on LBI (77.51%) was achieved by transferring loads from the 

heavily loaded feeder to that with DG integration via the SOP, which gave much better 

performance than network reconfiguration. The most well-balanced network was 

achieved by using the combined method with smaller SOP size required.  

Table 4.6: Results of Different Methods for Load Balancing with DG Connections 

Case Studies 
Base  Case 

without DGs 

Base  Case 

with DGs 

Only Network 

Reconfiguration 

Only 

SOP 

Combined 

Method 

System Load Balancing Index 6.156 7.238 2.995 1.628 1.267 

% LBI  Reduction - - 58.621 77.507 82.495 

SOP 

Operation 

𝑃𝑆_𝑖𝑛𝑗
1 / MW - - 1.692 1.480 1.606 

𝑄𝑆_𝑖𝑛𝑗
1 / MVar - - 0.457 0.523 0.381 

𝑄𝑆_𝑖𝑛𝑗
2 / MVar - - 1.252 1.211 0.904 

 

Figure 4.12 shows the branch loading profiles and voltage profiles. As shown in Figure 

4.12a, the peak branch loading of the network was reduced from 72% to 50% by using 

only one SOP. It shows that the increase in peak currents in the feeders and branch 

loading was reduced effectively by using only one SOP. The combined method 

achieved the lowest peak branch loading. The voltage profile was also much flatter by 

using the SOP and the combined method, as shown in Figure 4.12b. 
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(a) 

 

(b) 

Figure 4.12 Results of load balancing capability and relevant voltage profile improvement 

under different cases with DG connections 

4.5.4 Impact of the SOP Device Losses 

A significant reduction on feeder power losses using SOPs has been demonstrated in 

the previous study, where the SOP device losses were not considered. Although the 

SOP device losses have minor impact on its power flow control, it may lower the 

economic benefits obtained from reducing the total network power losses. The impact 

of SOP device losses on the total network power loss reduction was investigated based 

on sensitivity analysis. Different VSC efficiencies at the rated power, i.e. the values of 

loss coefficients kI and kJ in (4-11), were considered. For the VSCs in the back-to-back 

converters, it was assumed that kI is equal to kJ. The constant power loss of the SOP 
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device was set as 0.2% of the rated power. 

 

Figure 4.13a illustrates the total network power loss minimization (feeder losses and 

SOP device losses) under the normal loading conditions. One SOP, located between 

buses 25 and 29 (without DG connections), was considered in this case. Different 

device efficiencies of each VSC were considered from 93.5% to 100%. It is observed 

that the total network losses were reduced by using the SOP. However, the benefits 

were lowered when the device efficiency decreased. The SOP lost its capability in 

reducing network power losses when the device loss coefficients fell to 0.065, i.e., 93.5% 

VSC efficiency at the rated power. Figure 4.13b shows the performance on total 

network power losses for each percentage of system loading from 0 to 60%. The figure 

shows that SOP had a greater positive impact on the network power losses under higher 

system loading conditions. The requirements on SOP device efficiency for total 

network loss reduction were reduced when the system loading increases.  
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(b) 

Figure 4.13: Impacts of the SOP device losses on total network power losses  

4.6 Summary 

The benefits of using SOPs for medium voltage distribution networks were investigated 

focusing on power loss reduction, feeder load balancing and voltage profile 

improvement. A generic power injection model of SOP that is suitable for steady state 

analysis was developed, taking into account both physical limits and internal power 

losses of a typical SOP device: back to back VSCs. The optimal SOP operation is 

obtained using improved Powell’s Direction Set method. The combined method 

considering both SOP and network reconfiguration was proposed to demonstrate the 

superiority of using SOPs. 

 

Different number of SOPs was considered. Results showed that SOPs significantly 

contributed to power loss reduction, feeder load balancing and voltage profile 

improvement. By comparing with network reconfiguration, using only one SOP 

achieved similar improvement on network power loss reduction and feeder load 

balancing. The greatest improvements were obtained when combining SOP and 

network reconfiguration where smaller SOP sizes were required.  
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The impact of the penetration of DGs was investigated. Results showed that SOPs are 

able to significantly reduce the peak currents in feeders and alleviate undesirable 

voltage excursions induced by the connection of DG and demand. Therefore SOPs can 

be used as an alternative to infrastructure upgrades in accommodating distributed 

energy resources.  

 

The impact of SOP device losses was illustrated which shows that the economic benefit 

of SOP in reducing total network power losses was lowered with a decrease of device 

efficiency. However, a greater positive impact was obtained when system loading 

increased. In other words, the requirements on SOP device efficiency for total network 

loss reduction were reduced when the system loading increases.  
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HIS chapter reports a novel coordinated voltage control strategy for 

active distribution networks considering the SOP, the OLTC and 

multiple DG units as the voltage control devices.   
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5.1 Introduction 

Chapter 3 illuminated the excellent performance of an SOP in controlling real and 

reactive power flow under normal operating conditions using back-to-back VSCs. 

Although it is anticipated that SOPs will support distribution network voltage control 

by changing the real and reactive power flow of the network, the control strategy 

regarding the exact operation of the SOP and the coordination with other voltage 

control devices for distribution networks needs to be investigated. 

 

In this chapter, a novel coordinated voltage control strategy was proposed considering 

the controllable devices of the OLTC, the SOP and multiple DG units. The performance 

of the control strategy (using single device or coordination among multiple devices) 

were assessed considering the voltage compliance, number of tap operations, daily DG 

energy integration and network energy losses as the key metrics. A distributed control 

framework was used, where each of the controllable elements is considered as a local 

control agent and operates based on the local measurements and the shared data 

through an information-sharing platform. This coordination was priority-based, where 

the local control agents, without losing the independence of each, can achieve an 

optimal voltage management with few information exchanges. In the case study of this 

work, the proposed control strategy was applied to an 11-kV example network 

considering different network operating conditions and DG penetrations.  

5.2 Voltage Control Framework 

In medium voltage (MV) networks, voltage control devices usually make control 

actions based on the adequate knowledge of the status of the network. Due to the 

limited visibility in MV networks, it is desirable to achieve a better voltage 

management based on some estimations of the voltage profile using the existing 

real-time measurements and advanced information and communication devices.  
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5.2.1 Voltage Profile Estimation  

In an MV network, the voltage control actions can be taken base on the maximum and 

minimum voltages in the network. Figure 5.1 shows the voltage profiles of an MV 

feeder with and without DG. For a passive network without DG connections (assuming 

no SOP connection in this case), the voltage profile along the feeder decreases, as 

shown in Figure 5.1 (profile a). Therefore, the maximum and minimum voltages are 

located at the substation busbar (i.e., the secondary of the transformer) and the remote 

end of the feeder, respectively. For an active network with DG units, the voltage in the 

feeder can be higher than the substation busbar, as shown in Figure 5.1 (profile b). 

Moreover, SOPs is able to change the network power flow and thus change the voltage 

profile. Therefore, for a network with DG connections and/or SOPs, the maximum 

voltage can locate either at the substation busbar, the DG or SOP connecting buses 

whilst the minimum voltage point can locate at any bus including in and between the 

substation busbar, DG or SOP connecting bus.  

 

V0 1 2 3 4 5

DG1 DG2

V0

V

Voltage profile

a

b

bus

Load

 

Figure 5.1: Voltage profiles of an MV feeder with and without DG 

In this work, it is assumed that the maximum voltage of an MV feeder is obtained from 
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the meter readings at the substation busbar, DG and SOP connecting buses. A 

simplified estimation for the minimum voltage is carried out based on these meter 

readings and necessary calculations.  

 

Figure 5.2 shows an MV feeder with several DG units and an SOP connected. Meters 

are placed at the substation busbar, the SOP point and each DG connecting bus. The 

feeder line between each two of them is considered as a segment. 

  

DG DG

SOP

Segment

Meters
 

Figure 5.2: An MV feeder with segments for the minimum voltage estimation 

The minimum voltage for each of these segments is first estimated by using the meter 

readings of the corresponding two terminals and necessary calculations (shown below), 

and then the minimum for the whole feeder is obtained by comparing all these values. 

 

Mathematically, the estimation of the minimum voltage within a segment can be 

implemented through two steps: 

1) Checking the existence of a minimum voltage point within a segment 

2) Estimating the value of the minimum voltage if it exists.  

Details of these two steps are presented as follows.  

Step1) Checking the existence of a minimum voltage point within a 

segment 

It is observed from Figure 5.1 that there is a minimum voltage point in between the two 
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DG connecting buses if and only if, for both DGs, the voltage of the DG connecting 

bus is higher than the voltage of its neighbouring bus (in the direction of the other DG). 

For instance, in Figure 5.1, there will be a minimum voltage point in between bus 1 and 

bus 5 if and only if the voltage of bus 1 is higher than the voltage of bus 2 while the 

voltage of bus 5 is higher than the voltage of bus 4. Equation (5-1) shows the 

mathematical condition for the existence of a minimum voltage point between DG 1 

connecting bus and DG 2 connecting bus: 

{
𝑉1 − 𝑉2 > 0
𝑉5 − 𝑉4 > 0

                            (5-1) 

To solve the above inequality equations, the power flow in the feeder, as shown in 

Figure 5.3, is calculated by the following set of recursive equations [93]: 

     𝑃𝑖 = 𝑃𝑖−1 − 𝑃𝐿𝑜𝑠𝑠 (𝑖−1,   𝑖) − 𝑃𝐿,𝑖 = 𝑃𝑖−1 −
𝑟𝑖−1

𝑉𝑖−1
2 ∙ (𝑃𝑖−1

2 + 𝑄𝑖−1
2) − 𝑃𝐿,i    (5-2)                      

𝑄𝑖 = 𝑄𝑖−1 − 𝑄𝐿𝑜𝑠𝑠 (𝑖−1,   𝑖) − 𝑄𝐿,𝑖 = 𝑄𝑖−1 −
𝑥𝑖−1

𝑉𝑖−1
2 ∙ (𝑃𝑖−1

2 + 𝑄𝑖−1
2) − 𝑄𝐿,i  (5-3) 

𝑉𝑖
2 = 𝑉𝑖−1

2 − 2 ∙ (𝑟𝑖−1𝑃𝑖−1 + 𝑥𝑖𝑄𝑖)  +
(𝑟𝑖−1

2+𝑥𝑖−1
2)

𝑉𝑖−1
2 ∙ (𝑃𝑖−1

2 + 𝑄𝑖−1
2)     (5-4) 

where 𝑃 represents active power, 𝑄 reactive power, 𝑉 nodal voltage, 𝑟 resistance 

and 𝑥 reactance. Subscript 𝐿𝑜𝑠𝑠 denotes line losses, and 𝐿 denotes load. 

Vi-1 ViV0

ri-1+xi-1 j

Pi-1+Qi-1 j

PL,i+QL,i j

Pi+Qi j

PL,i-1+QL,i-1 j  

Figure 5.3: A part of distribution feeder 

Ignoring the quadratic terms (line losses) since it is much smaller than the branch 

power [99], equation (5-2)-(5-4) can be written as 



Chapter 5                           Voltage Control in Active Distribution Networks with SOPs 

94 

 

𝑃𝑖 = 𝑃𝑖−1 − 𝑃𝐿,i                           (5-5) 

𝑄𝑖 = 𝑄𝑖−1 − 𝑄𝐿,i                           (5-6) 

𝑉𝑖
2 = 𝑉𝑖−1

2 − 2 ∙ (𝑟𝑖−1𝑃𝑖−1 + 𝑥𝑖𝑄𝑖)                   (5-7) 

 

Based on (5-7), (5-1) can be represented as follows:          

 

{
𝑉1 − 𝑉2 =

2∙(𝑃1∙𝑟1+𝑄1∙𝑥1)

𝑉1+𝑉2
> 0

𝑉4 − 𝑉5 =  
−2∙(𝑃4∙𝑟4+𝑄4∙𝑥4)

𝑉4+𝑉5
> 0

                 (5-8)     

    

After further simplification on (5-8), the condition for the existence of a minimum 

voltage point between DG 1 and DG 2 can be given as 

{  
𝑃1 ∙ 𝑟1 + 𝑄1 ∙ 𝑥1 > 0
𝑃4 ∙ 𝑟4 + 𝑄4 ∙ 𝑥4 < 0

                      (5-9) 

where the reactive and reactive power are measured locally by using meters at the DG 

locations. Note that (5-9) can be used as a generic condition for checking the existence 

of a minimum point within any segment, such as the segment between the substation 

busbar and one DG, one DG and one SOP, etc.  

Step 2) Estimating the value of the minimum voltage within a segment  

A simplified estimation method is used to obtain the value of the minimum voltage if it 

exists. This method gives a worst case value thus it is considered as a good lower 

bound for the voltage management purpose.   

The loads in between the two DG connecting buses in Figure 5.1 are assumed to be 

concentrated and connected half way between the two DG connecting buses, as shown 

in Figure 5.4. 
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P1+Q1 j
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V5Vmin_est
P4+Q4 j

r/2+x/2 j

PL, min = P1-P4 

QL, min = Q1-Q4 

 

Figure 5.4: Voltage estimation using simplified method 

Therefore, the minimum voltage between the DG 1 and DG 2 calculated from DG 1 

using (5-7) is  

𝑉min _𝑒𝑠𝑡,𝐷𝐺1 = √𝑉1
2 − 2 ∙ (𝑃1 ∙

𝑟

2
+ 𝑄1 ∙

𝑥

2
)               (5-10) 

Similarly, the minimum voltage calculated from DG 2 is  

𝑉min _𝑒𝑠𝑡,𝐷𝐺2 = √𝑉5
2 + 2 ∙ (𝑃4 ∙

𝑟

2
+ 𝑄4 ∙

𝑥

2
)               (5-11) 

where r and x are the total value of the reactance and resistance between DG 1 and DG 

2.  

Taking the minimum value of 𝑉min _𝑒𝑠𝑡,𝐷𝐺1 and 𝑉min _𝑒𝑠𝑡,𝐷𝐺2 as the minimum voltage 

of the segment, 𝑉𝑚𝑖𝑛, as shown in (5-12).  

𝑉min _𝑒𝑠𝑡 = 𝑚𝑖𝑛 {𝑉min _𝑒𝑠𝑡,𝐷𝐺1, 𝑉min _𝑒𝑠𝑡,𝐷𝐺2}             (5-12) 

Equation (5-12) provides an estimation of the minimum voltage using the data 

measured at the substation, DG or SOP connecting buses.  

 

Note that above calculation used to estimate the minimum voltage of an MV feeder did 

not consider feeders having long laterals or DGs connected in the lateral. In this work, 

the loads and DGs connected to the laterals are assumed to be lumped into the nearest 

main stream of the feeder and hence errors exist. 
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5.2.2 Proposed Voltage Control Framework 

A distributed voltage control framework is proposed, as depicted in Figure 5.5. Each of 

the controllable elements, i.e. the OLTC, the SOP and DG units, is considered as a local 

control agent that operates based on the local measurements and the shared data 

through an information-sharing platform. 

DG

DG DG SOP
OLTC

OLTC

Agent
DG 

Agent

SOP 

Agent

Information-sharing Platform

Communication links

Meters

 

 Figure 5.5: Distributed voltage control framework 

 Local control agents 

The local control agents carry out real-time control based on the local measurements 

but considering coordination with other local control agents via the information 

exchange through the information-sharing platform. Figure 5.6 shows the interior 

structure of each control agent.  
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Voltage estimation 

module

Control algorithm 

module

Knowledge base

Bidirectional interface

Local meters Actuators

Information-

sharing platform

Action

 

Figure 5.6: Interior structure of a local control agent 

Details of the four blue blocks shown in Figure 5.6 are given as follows. 

Bidirectional interface is responsible for 1) exchanging data with the 

information-sharing platform, 2) passing the measurements from the local meters and 

the information-sharing platform to the voltage estimation module inside the agent, and 

3) passing the control commands issued by the control algorithm module to the 

actuator. 

 

Voltage estimation module is responsible for performing the segment voltage 

estimation as described in 5.2.1. The detailed process is shown as follows. 

1) The module receives the measurements from the local meter. Figure 5.7 shows a 

detailed view of the measurements by each local meter. It includes the voltage 

magnitude at the connecting bus, the real and reactive power flow in lines 

connected to the connecting bus. These measurements provide the measured 

potential maximum voltage and the data needed to estimate the minimum 

voltages within its corresponding segments, i.e., segments in between its agent 

and any neighbour agent. 
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Local Meter

segmentsegment

 

Figure 5.7: Details of local measurements 

2) According to Step 1 in Section 5.2.1, the module checks one part of the condition 

for the existence of a minimum voltage point within a segment. 

3) If the minimum voltage point is found exist, the module estimates the value 

according to Step 2 in Section 5.2.1. Otherwise, goes to 4). 

4) The module sends voltage data to the bidirectional interface and finally to the 

information-sharing platform. Noted that only the critical data are sent to the 

information-sharing platform, i.e., the measured node voltage and estimated 

minimum voltages within the corresponding segments. 

 

Control algorithm module provides local control commends using the corresponding 

control algorithm.  

 

Knowledge base stores the knowledge information of the network, e.g. network 

topology, line parameters. 

 Information-sharing platform 

The Information-sharing platform works as a moderator: 1) determining the overall 

maximum and minimum voltages of each feeder and passing onto the local control 

agent if needed; and 2) perform the coordinated voltage control strategy, which are 

described in Section 5.3.  
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5.3 Coordinated Voltage Control Strategy 

In this section, the voltage control using the SOP and its coordination with other control 

devices (i.e., OLTC and DG units) were investigated. The effectiveness of the SOP on 

voltage control and its impacts on networks was first examined. Then, a priority-based 

coordination using the proposed control framework described in Section 5.2 was 

developed.  

5.3.1 Effectiveness of SOP on Voltage Control 

 Voltage change caused by an SOP 

Figure 5.8 shows a radial feeder of an MV network. 

V0 Vi-1 Vi Vn

PL,i+QL,i j

ri+xi j

Vi+1

ri-1+xi-1 j

Pi+Qi jPi-1+Qi-1 j Pn+Qn j

 

Figure 5.8: Radial distribution feeder 

According to (5-5)-(5-7), the active and reactive power at node i and the voltage 

magnitude at node i can be given as follows: 

 

𝑃𝑖 = 𝑃𝑛 + ∑ 𝑃𝐿,𝑘
𝑛
𝑘=𝑖+1                           (5-13) 

        𝑄𝑖 = 𝑄𝑛 + ∑ 𝑄𝐿,𝑘
𝑛
𝑘=𝑖+1                           (5-14) 

𝑉𝑖
2 = 𝑉0

2 − 2 ∙ ∑ (𝑟𝑘𝑃𝑘 + 𝑥𝑘𝑄𝑘)𝑖−1
𝑘=0                 (5-15) 

 

Equations (5-13) to (5-15) show the change of the branch power flow and consequently 

the change of the voltage magnitude at bus i depends on the sum of power loads 

(𝑃𝐿,𝑘 and 𝑄𝐿,𝑘), the downstream active and reactive power flow (𝑃𝑛 and 𝑄𝑛) and the 
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voltage magnitude at the initial upstream bus (𝑉0), i.e. the substation busbar.  

  

Therefore, if an SOP is connected in the downstream of bus i. According to the generic 

power injection model of SOP developed in Chapter 3, the change of the branch power 

at bus i caused by the change of the power injection，∆𝑃𝑆_𝑖𝑛𝑗  and ∆𝑄𝑆_𝑖𝑛𝑗 at the SOP 

connecting bus can be estimated based on (5-13) and (5-14): 

 

∆𝑃𝑖 = 𝑃𝑖
𝑛𝑒𝑤 − 𝑃𝑖

𝑜𝑙𝑑 = ∆𝑃𝑛 = ∆𝑃𝑆_𝑖𝑛𝑗                 (5-16) 

        ∆𝑄𝑖 = 𝑄𝑖
𝑛𝑒𝑤 − 𝑄𝑖

𝑜𝑙𝑑 = ∆𝑄𝑛 = ∆𝑄𝑆_𝑖𝑛𝑗                (5-17) 

 

Thus, the estimation on the change of the voltage magnitude at bus i using (5-15) can 

be obtained as 

∆(𝑉𝑖
2) = 𝑉𝑖

𝑛𝑒𝑤2
−𝑉𝑖

𝑜𝑙𝑑2
= (𝑉0

𝑛𝑒𝑤2
−𝑉0

𝑜𝑙𝑑2
) − 2 ∙ ∑ 𝑟𝑘 ∙ ∆𝑃𝑆𝑖𝑛𝑗

𝑖−1
𝑘=0 − 2 ∙ ∑ 𝑥𝑘 ∙ ∆𝑄𝑆𝑖𝑛𝑗

𝑖−1
𝑘=0   

= ∆(𝑉0
2) − 2 ∙ ∑ 𝑟𝑘 ∙ ∆𝑃𝑆𝑖𝑛𝑗

𝑖−1
𝑘=0 − 2 ∙ ∑ 𝑥𝑘 ∙ ∆𝑄𝑆𝑖𝑛𝑗

𝑖−1
𝑘=0                      (5-18) 

where ∆(𝑉0
2) is the change of the substation voltage; 2 ∙ ∑ 𝑟𝑘

𝑖−1
𝑘=0  and 2 ∙ ∑ 𝑥𝑘

𝑖−1
𝑘=0  

are the sensitivity factors of bus i. These sensitivity factors constants determined by the 

line parameters only.  

 

While, for bus i in the downstream of SOP connecting bus, the change of the voltage at 

bus i equals to the change of the voltage at the SOP connecting bus j, which is written 

as follows: 

     ∆(𝑉𝑖
2) = ∆(𝑉0

2) − 2 ∙ ∑ 𝑟𝑘 ∙ ∆𝑃𝑆_𝑖𝑛𝑗
𝑗
𝑘=0 − 2 ∙ ∑ 𝑥𝑘 ∙ ∆𝑄𝑆_𝑖𝑛𝑗

𝑗
𝑘=0         (5-19) 

Note that the change of the substation voltage, i.e., ∆(𝑉0
2) is calculated based on the 

transformer impedance and the system input impedance at the primary side of the 
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substation. It is assumed that this change is small and thus ignored in this study. 

Equations (5-18) and (5-19) also applies to the DG unit for voltage control in this work. 

 The impacts of the SOP on MV networks for voltage control  

According to the UK statutory instruments, the Distribution Network Operator (DNO) 

is obligated to maintain the voltages on MV networks within ± 6% of nominal [100]. In 

this work, voltage limits of ± 5% of nominal, i.e. 1.05 and 0.95 p.u. were considered so 

as to leave some headroom for unexpected voltage violation due to the errors of 

measurements, estimations and communication delays. 

 

An SOP controls network voltage by either supplying or absorbing reactive power at its 

connected feeders or controlling the active power flow between the feeders. According 

to (5-18) and (5-19), using either reactive or active control can achieve a desired 

voltage at the targeting bus. The corresponding impacts on network voltage profile and 

network operation (line losses) was tested in a simple MV network shown in Figure 5.9. 

The voltage operating limits of this test network was considered ±5% of nominal. A 

2.5 MW DG with unity power factor was assumed to be connected to bus 13 in feeder 1. 

The network parameters can be found in appendix A.  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

0
1 2 3 4 5 6 7 8

HV/MV

Transformer

DG

SOP

Feeder 2

Feeder 1

  

Figure 5.9: Two-feeder MV distribution network  

Figure 5.10 shows the voltage profile of the two feeders before voltage control. The 



Chapter 5                           Voltage Control in Active Distribution Networks with SOPs 

102 

 

voltages from bus 12 down to bus 17 violated the upper limit due to the DG connection, 

while the minimum voltage (on the other feeder) approached to the lower limit. The 

OLTC is infeasible for voltage control in such a case since the difference between the 

overall maximum and minimum voltages exceeded the gap between the upper and 

lower voltage limits and thus may cause improper settings and excessive tap operation 

[101]. Therefore, the SOP was used to reduce the voltages in feeder 1 by controlling 

either real or reactive power based on equation (5-18). 

 

 

Figure 5.10: Voltage profiles of both feeder before voltage control 

According to (5-18), it was assumed that the target bus is 13 and the desired voltage 

magnitude at the target bus, 𝑉13
𝑛𝑒𝑤 was set to be 1 p.u. Figure 5.11 shows the voltage 

profile with SOP control using different control methods. It is observed that both 

control methods achieved the control task, i.e., the voltages at bus 13 were close to the 

targeted value (1 p.u.).For active power control shown in Figure 5.11a, the voltage 

profile along feeder 2 rose while the voltage profile along feeder 1 dropped. This is due 

to the active power was transferred from feeder 1 to feeder 2. However, for the reactive 

control method, the reactive power was controlled independently on either side of the 

SOP and thus the voltage profile along the feeder 2 was not changed. In addition, it is 

shown that the closer to the SOP connecting bus, the bigger the increased (or decreased) 

voltage magnitude.. This can be explained by (5-19) where the sensitivity factors, 2 ∙
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∑ 𝑟𝑘
𝑖−1
𝑘=0  and 2 ∙ ∑ 𝑥𝑘

𝑖−1
𝑘=0  increase with the distance between bus i and the substation 

bus increases. 

 

(a) 

 

 (b) 

Figure 5.11: Voltage profiles with SOP voltage control: (a) active power control method; 

(b) reactive power control method 

Figure 5.12 compares the network power losses before and after using SOP control. 

There was a significant increase of network power losses after using the reactive power 

control method. This is because the voltage improvement was achieved by absorbing 

excessive reactive power from the network, which caused an increased in feeder 

loading and consequently an increase in the line losses. On the contrary, the network 

power losses were decreased by using the active power control method which 

transferred active power between feeder 1 and feeder 2.    
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Figure 5.12: Comparison of the network active power losses 

 Discussion 

According to the above analysis, the following key findings of the SOP control are 

outlined: 

 Either real or reactive power control of the SOP achieves the voltage control 

objective by using the sensitivity factors in (5-18). However, the voltage change 

is more sensitive to the active power control due to the fact that MV distribution 

networks have high line resistances and low X/R ratio [102]. This makes the 

active power control method more cost-effective considering the device capacity.  

 For active power control method, the voltage profile on both feeders will be 

affected. A decrease in the voltage profile on one feeder leads to an increase in 

the voltage on the other feeder, and vice versa. Therefore, the voltage headroom 

of both connected feeders need to be considered when the active power control 

method is used. The main advantage of this control method compared with the 

reactive power control is that there will not be a significant change on network 

power losses using the active power control.  

 The main advantage of the reactive power control method is that both sides of 

SOP supply and/or absorb reactive power independently. Therefore, it enables 

voltage control simultaneously and independently on both connected feeders. 

However, the voltage drop by absorbing excessive reactive power may cause a 
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significant increase in network power losses. 

5.3.2 Priority-Based Coordination  

Figure 5.13 shows a priority-based coordination among multiple agents, including the 

OLTC, the SOP and the DG units. Each of these agents is called a “local control agent” 

and each local control agent has multiple objectives. The first one (main objective) is 

identical to all agents and the remaining are called sub-objectives. The main objective 

used in this work is to keep the voltages within the allowable range. The sub-objectives 

are to reduce the number of tap operations, mitigate DG active power curtailment, and 

reduce network power losses.  

 

OLTC

Agent

DG 

Agent

SOP 

Agent

Information-sharing 

Platform

No voltage violations

Less active power curtailment

Fewer network power losses

No voltage violations

Fewer number of tap operations

No voltage violations

Fewer network power losses

Exchange 

messages

Exchange 

messages

Exchange 

messages

 

Figure 5.13: Priority-based coordination of the multiple local control agents  

 

In order to achieve a trade-off among the aforementioned objectives, the objectives 

were grouped by defining the priority level, as shown in Figure 5.14.  
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No voltage violation

Less tap operation

Fewer network power losses

Maximize energy capture

Priority Level
H

L
 

Figure 5.14: Prioritisation of the proposed objectives from high (H) to low (L) 

A priority-based coordination is carried out to allow the local control agents to achieve 

their objectives in accordance with a specific sequence (i.e., the prioritisation). Figure 

5.15 shows the flow chart of the priority-based coordination. Both DG and SOP control 

agents have two voltage control methods: real and reactive power control methods. The 

OLTC agent also has two control strategies to deal with both feasible and infeasible 

solutions. The main objective (no voltage violation) is considered each time before a 

control method to determine whether a control action is needed. All the control 

methods are coordinated in a pre-defined sequence based on the prioritisation of the 

sub-objectives. The higher the priority level, the later the corresponding control method 

will be activated. 

 

Thus, as shown in the figure 5.15, the real and reactive power control of the SOP and 

the reactive control of the DG (green block) are the first considered methods. They are 

activated in a sequence that: 1) the active power control of the SOP agent is prior to the 

reactive power control methods due to the results obtained from Section 5.3.1, i.e., the 

active power control method is more sensitive to voltage change and results in reduced 

network power losses and 2) the reactive control method of the SOP agent is prior to 

that of the DG agent in order to allow more flexibility for the DG unit in case of an 

emergency [56]. All these real and reactive control methods are performed by solving 

an optimization problem to minimize the voltage deviation, and thus, reduce the 

number of tap operations. The second activated method is the OLTC control (yellow 

block). A double-check process (grey block) is introduced before activating the last 

control method in order to ensure that there is no feasible solutions to enable an OLTC 
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control (feasible solution strategy). The last activated control method is the active 

power curtailment by the DG, as the brown block shown. 

Start

SOP_Real power control method

Voltage violation?

SOP_Reactive power control method

Voltage violation?

DG_Reactive power control method

Feasible solution?

Stop double check ?

OLTC_Feasible 

solution strategy
End

OLTC_Infeasible solution strategy

DG_Real power curtailment

Voltage violation?

Yes

Yes

Yes

Yes

Yes No

No

No

No

Less network power losses

Less tap operation

Maximize energy capture

Double check process
No

Voltage violation?
No

Yes

Double check 

process

Voltage violation?
No

Yes

   

Figure 5.15: Flow chart of the proposed priority-based coordination  

The details of the voltage control method for each agent and the double check process 

are given as follows. 
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 Voltage control for the SOP agent 

A. Bidirectional interface  

The SOP control agent receives data from the information-sharing platform. These data 

contains the action command, magnitudes and locations of all potential maximum and 

minimum voltages along the connected feeders. The action command specifies the 

method to be activated at current time step. The locations of all potential maximum and 

minimum voltage points are sent to the knowledge based to calculate the sensitivity 

factors.  

After the control algorithm module determines the required real or reactive power for 

the SOP agent, two messages are sent out via the interface: the new real or reactive 

power set point to the actuator and the action confirmed message to the 

information-sharing platform.    

B. Control algorithm module 

The control algorithm module implements the control algorithm based on the action 

command, voltage data and the corresponding sensitivity factors.  

1) Active power control algorithm 

The active power control algorithm solves the optimization problem shown in 

(5-20)-(5-23). The objective function aims to minimize the voltage deviation of the 

maximum and minimum voltages along both connected feeders from the nominal value, 

𝑉𝑛𝑜𝑟𝑚: 

 

Minimize    𝐹(𝑃𝑆_𝑖𝑛𝑗
𝑛𝑒𝑤 ) = ∑ (𝑉𝑖 − 𝑉𝑛𝑜𝑟𝑚)2𝑁

𝑖=1               (5-20) 

 

subject to 

 

|𝑃𝑆_𝑖𝑛𝑗
𝑛𝑒𝑤 | ≤ 𝑃𝑆_𝑖𝑛𝑗

𝑙𝑖𝑚 ,  𝑃𝑆_𝑖𝑛𝑗
𝑙𝑖𝑚 = √𝑆𝑆𝑂𝑃

𝑟𝑎𝑡𝑒2
− 𝑄𝑆_𝑖𝑛𝑗

2
             (5-21)  
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𝑉𝑖
𝑛𝑒𝑤2

= 𝑉𝑖
𝑜𝑙𝑑2

− 𝑀𝑖 ∙ (𝑃𝑆_𝑖𝑛𝑗
𝑛𝑒𝑤 − 𝑃𝑆_𝑖𝑛𝑗

𝑜𝑙𝑑 )                (5-22) 

  

𝑉𝑚𝑖𝑛
𝑏𝑎𝑛𝑑 ≤ 𝑉𝑖 ≤ 𝑉𝑚𝑎𝑥

𝑏𝑎𝑛𝑑                           (5-23) 

   

where 𝑉𝑖 is the voltage magnitude received from the interface; N is the total number of 

voltage points received from the interface; 𝑆𝑆𝑂𝑃
𝑙𝑖𝑚  is the rating power of the SOP device; 

𝑀𝑖 is the sensitivity factor for the change of voltage 𝑉𝑖 with respect to the change of 

active power; 𝑉𝑚𝑖𝑛
𝑏𝑎𝑛𝑑 and 𝑉𝑚𝑎𝑥

𝑏𝑎𝑛𝑑 are the acceptable limits of bandwidth for voltage 

control using the SOP agent. In this work, 𝑉𝑛𝑜𝑟𝑚 is assumed to be 1 p.u., i.e., a middle 

point between the upper and lower limits in order to leave headroom for both over- and 

under-voltage issues due to the future DG penetrations and increase of demands, e.g., 

electric vehicles and heat pumps.   

 

Note that the defined bandwidth in (5-23) is wider than the specified limits to avoid the 

infeasible solution, which may occur due to the device power limits in (5-21). This 

wider bandwidth is also applied to the reactive power method of the SOP and DG agent 

and is refined by using the OLTC agent to ensure that the network voltages within the 

statutory limits. The optimization algorithm used in this study was the Powell’s Direct 

Set Method, which is described in Chapter 4. 

 

2) Reactive power control algorithm 

The aim of reactive power control is to minimize the voltage deviation from the 

nominal value and the amount of reactive power absorbed by the SOP to improve 

voltage control. The objective function is defined as 

Minimize   𝐽 (𝑄𝑆𝑖𝑛𝑗

𝑛𝑒𝑤) = ∑ (𝑉𝑖 − 𝑉𝑛𝑜𝑟𝑚)2𝑁
𝑖=1 − 𝜔𝑎𝑏𝑠𝑜𝑟 ∙ 𝑚𝑖𝑛{0, 𝑄𝑆𝑖𝑛𝑗

𝑛𝑒𝑤}   (5-24) 

subject to 
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 |𝑄𝑆𝑖𝑛𝑗

𝑛𝑒𝑤| ≤ 𝑄𝑆_𝑖𝑛𝑗
𝑙𝑖𝑚 ,  𝑄𝑆_𝑖𝑛𝑗

𝑙𝑖𝑚 = √𝑆𝑆𝑂𝑃
𝑙𝑖𝑚 2

− 𝑃𝑆_𝑖𝑛𝑗
2              (5-25) 

𝑉𝑖
𝑛𝑒𝑤2

= 𝑉𝑖
𝑜𝑙𝑑2

− 𝐾𝑖 ∙ (𝑄𝑆_𝑖𝑛𝑗
𝑛𝑒𝑤 − 𝑄𝑆_𝑖𝑛𝑗

𝑜𝑙𝑑 )                 (5-26)  

𝑉𝑚𝑖𝑛
𝑏𝑎𝑛𝑑 ≤ 𝑉𝑖 ≤ 𝑉𝑚𝑎𝑥

𝑏𝑎𝑛𝑑                           (5-27) 

where 𝑄𝑆𝑖𝑛𝑗

𝑛𝑒𝑤 is the reactive power supplied by the SOP, and it turns to be a negative 

value when the SOP absorbs reactive power from the connected feeder; 𝜔𝑎𝑏𝑠𝑜𝑟 is the 

penalty factor for absorbing reactive power from the connected feeder in order to avoid 

the increase in the losses along the feeder, i.e., the term −𝜔𝑎𝑏𝑠𝑜𝑟 ∙ 𝑚𝑖𝑛{0, 𝑄𝑆𝑖𝑛𝑗

𝑛𝑒𝑤} will 

turn to be a non-zero (positive) value and add to the objective function when the SOP 

absorbs reactive power from the network; 𝐾𝑖 is the sensitivity factor for the change of 

voltage 𝑉𝑖 with respect to the change of reactive power. 

 Voltage control for the DG agent  

In this work, the DG units are assumed to operate at the maximum power point tracking 

(MPPT) before receiving the voltage control command from the information-sharing 

platform. Once receiving a command, the DG agents will accept or refuse the command 

based on the assessment of the request, for instance, assessing the remaining capacity 

for voltage support. 

 

A. Bidirectional interface  

The DG agent receives data from the information-sharing platform. Similar to the SOP 

agent, these data contains the action command, magnitudes and locations of potential 

maximum and minimum voltages along the connected feeder. The action command 

specifies the control method to be activated at current time step, i.e., reactive power 

control or active power curtailment. The locations of potential maximum and minimum 

voltage points are sent to the knowledge based to calculate the sensitivity factors.  
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After the control algorithm module determines the required reactive power or active 

power curtailment from the DG agent, two messages are sent out via the interface: the 

new power set point to the actuator and the action confirmed message to the 

information-sharing platform  

 

B. Control algorithm module 

1)  Reactive power control algorithm  

The aim of reactive power control by the DG agent is similar to that of the SOP agent. 

The objective function is given as  

Minimize   𝐽(𝑄𝑔
𝑛𝑒𝑤) = ∑ (𝑉𝑖 − 𝑉𝑛𝑜𝑟𝑚)2𝑁

𝑖=1 + 𝜔𝑎𝑏𝑠𝑜𝑟 ∙ 𝑚𝑖𝑛{0, 𝑄𝑔
𝑛𝑒𝑤}   (5-28) 

subject to 

 |𝑄𝑔
𝑛𝑒𝑤| ≤ 𝑄𝑆_𝑖𝑛𝑗

𝑙𝑖𝑚 ,  𝑄𝑆_𝑖𝑛𝑗
𝑙𝑖𝑚 = √𝑆𝑔

𝑟𝑎𝑡𝑒2
− 𝑃𝑔

2                 (5-29) 

𝑉𝑖
𝑛𝑒𝑤2

= 𝑉𝑖
𝑜𝑙𝑑2

− 𝐾𝑖 ∙ (𝑄𝑔
𝑛𝑒𝑤 − 𝑄𝑔

𝑜𝑙𝑑)                 (5-30)  

𝑉𝑚𝑖𝑛
𝑏𝑎𝑛𝑑 ≤ 𝑉𝑖 ≤ 𝑉𝑚𝑎𝑥

𝑏𝑎𝑛𝑑                           (5-31) 

 

where  𝑄𝑔
𝑛𝑒𝑤 is the reactive power supplied by the SOP, and it turns to be a negative 

value when the DG absorbs reactive power from the connected feeder; 𝜔𝑎𝑏𝑠𝑜𝑟 is the 

weight for absorbing reactive power from the connected feeder; 𝐾𝑖 is the sensitivity 

factor for the change of voltage 𝑉𝑖 with respect to the change of reactive power.  

2)  Active power curtailment algorithm 

The objective of this method is to determine the required active power curtailment that 

keeps the maximum voltage within the specified upper limits using 

 

 𝑉𝑈𝑝𝑝𝑒𝑟
2 − 𝑉𝑚𝑎𝑥

𝑜𝑙𝑑 2
+ 𝑀𝑚𝑎𝑥 ∙ (𝑃𝑔

𝑛𝑒𝑤 − 𝑃𝑔
𝑀𝑃𝑃𝑇) =0             (5-32) 
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where 𝑀𝑚𝑎𝑥 is the sensitivity factor of the maximum voltage point; 𝑃𝑔
𝑀𝑃𝑃𝑇 is the 

active power generation of the DG units under MPPT mode. 

 

C. Coordination among multiple DG agents 

The aim of coordinating multiple DG agents for voltage control is to minimize the cost 

of reactive power control and active power curtailment for all participated DG agents. 

In this work, all DG agents are assumed to have equal weights of real and reactive 

power control for voltage control. Therefore, the cost is only determined by the amount 

of reactive power support or active power curtailment of the participated DG agents. 

The coordination schemes among DG agents for different control methods are 

summarized as follows. 

1)   Coordination for reactive power control  

A prioritization of the DG agents for reactive power control is determined based on the 

sensitivity factors using the follows steps: 

Step 1)   If the information–sharing platform determines to activate the reactive 

power control from DG agents, the last downstream DG along the feeder 

(most sensitive to voltage change) is informed first to achieve the 

optimization purpose. The required reactive power is calculated using 

(5-28) and the new reference is updated. 

Step 2)   If there is still voltage violations after activating the last downstream DG 

agent, the next upstream DG agent (second most sensitive to voltage 

change) is activated. 

Step 3)   Step 1) and 2) are repeated until there is no voltage violation along the 

feeder or the fist upstream DG agent is reached.  

2)   Coordination for active power curtailment  

For active power control, the DG agent where the connecting bus has an overvoltage is 

activated first. The next downstream DG agent is activated if there is still a voltage 

violation. This sequence is due to the factors that 1) any DG agent connecting to the 
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downstream feeder of the overvoltage bus has the same while maximum sensitivity 

factor to the overvoltage bus; and 2) the further the downstream DG is to the 

substation, the more sensitive to voltage change it will be thus has a higher possibility 

to cause the voltage at any other bus exceeding the lower limit due to the active power 

curtailment.  

 Voltage control for the OLTC agent 

It was assumed in this study that the substation transformer has an on-load tap changer 

on the primary winding and the voltage on the primary side remains constant. 

A. Bidirectional interface 

The OLTC agent receives the action command and the overall maximum and minimum 

voltages of the network from the information-sharing platform. The action command 

specifies the control strategy required: feasible solution strategy or infeasible solution 

strategy. After the control algorithm module determines the new tap setting of the 

OLTC agent, two messages are sent out via the interface: the new reference to the 

actuator and the task confirmed message to the information-sharing platform    

B. Control algorithm module 

The control algorithm module receives the voltage data and action command from the 

interface and then implements the relevant control strategy described below.  

1) Feasible solution strategy 

When the agent receives a feasible solution message, i.e., 𝑉𝑚𝑎𝑥 −  𝑉𝑚𝑖𝑛 ≤ 𝑉𝑢𝑝𝑝𝑒𝑟 −

𝑉𝑙𝑜𝑤𝑒𝑟, the control algorithm module calculates the number of required taps at each 

time step i using   

 

{
𝑇𝑖 = 𝑇𝑖−1 + round (

𝑉𝑚𝑖𝑛−𝑉𝑙𝑜𝑤𝑒𝑟

∆𝑉
) ,                     if   𝑉𝑙𝑜𝑤𝑒𝑟 >  𝑉𝑚𝑖𝑛 

𝑇𝑖 = 𝑇𝑖−1 + round (
𝑉𝑢𝑝𝑝𝑒𝑟 − 𝑉𝑚𝑎𝑥

∆𝑉
) ,                   if  𝑉𝑢𝑝𝑝𝑒𝑟 <  𝑉𝑚𝑎𝑥 

    (5-33) 
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subject to  

𝑉𝑠 = 𝑉𝑝 + 𝑇 ∙ ∆𝑉                        (5-34) 

𝑇upp𝑒𝑟 ≤ 𝑇𝑖 ≤ 𝑇Lower                    (5-35) 

Where 𝑇𝑖 and 𝑇𝑖−1 is the tap position at time step i and i-1; 𝑉𝑚𝑎𝑥 and  𝑉𝑚𝑖𝑛 are the 

overall maximum and minimum voltage of the network; 𝑉𝑢𝑝𝑝𝑒𝑟 and 𝑉𝑙𝑜𝑤𝑒𝑟 are the 

standard upper and lower voltage limits; 𝑇𝑜𝑙𝑑 is current tap position; ∆𝑉 is the step 

voltage of each tap; 𝑉𝑠 is the secondary voltage of the substation; 𝑉𝑝 is primary 

voltage of the substation;  𝑇upp𝑒𝑟 and 𝑇Lower are the upper and lower boundary of the 

OLTC.  

2) Infeasible solution strategy 

The infeasible solution strategy is required after the double check process while the 

infeasible solution still exists. The aim of this strategy is to keep the minimum voltage, 

𝑉𝑚𝑖𝑛 at the specified lower limit. Thus the maximum voltage though still violates the 

upper limit but is as low as possible, which in turn minimize the required curtailment of 

the DG active power. Thus the new tap setting is obtained using 

𝑇𝑖 = 𝑇𝑖−1 + round (
𝑉𝑚𝑖𝑛−𝑉𝑙𝑜𝑤𝑒𝑟

∆𝑉
)                  (5-36)  

subject to 

𝑇upp𝑒𝑟 ≤ 𝑇𝑖 ≤ 𝑇Lower                      (5-37) 

 Voltage control for the double check process 

The purpose of the double check process is to avoid unnecessary DG active power 

curtailment. It is achieved by enabling a feasible solution for the OLTC control by 

either controlling the violated extreme voltage or controlling the other extreme voltage. 

The whole process is performed within the information-sharing platform as follows: 

Step 1)   Check for the condition of an infeasible solution before activating the 
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OLTC agent using  

𝑉𝑢𝑝𝑝𝑒𝑟 − 𝑉𝑙𝑜𝑤𝑒𝑟 < 𝑉𝑚𝑎𝑥 −  𝑉𝑚𝑖𝑛              (5-38) 

Step 2)   If the infeasible solution is raised, allocate the feeders where 𝑉𝑚𝑎𝑥 and 

𝑉𝑚𝑖𝑛 happen and then initiate the double check process. Otherwise, send 

an action command to the OLTC agent to activate the feasible solution 

strategy. 

Step 3)   If the double check process is initiated, activate the control agent (or 

method) that is connected to the feeder where 𝑉𝑚𝑎𝑥 or 𝑉𝑚𝑖𝑛 happens. 

The control method that has already been activated is not involved in this 

process.   

Step 4)   If there are multiple candidates, repeat step 1) - 3) until there is a feasible 

solution or all the candidates have been activated. The sequence of 

activating a candidate at each time step is based on the proposed 

coordination law shown in Figure 5.13, i.e., SOP active power control, 

SOP reactive control and finally DG reactive power control.    

5.3.3 Implementation procedures of the information-sharing platform 

The overall implementation procedures of the information-sharing platform are 

summarized below. 

Step 1) Update the voltage information after receiving segment voltage data from 

the local control agents. 

Step 2) Determine the maximum and minimum voltages in each feeder. Then, 

check the condition of voltage violation.  

Step 3) If there is no voltage violation, go to step 1. Otherwise, allocate the 

feeders at which the voltage exceeds the specified limit and then initiate 

the coordinated control on these feeders.   

Step 4) Send an action command to activate the relevant agent based on the 
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coordination law described in Section 5.3.2.   

Step 5) Each time after receiving the action confirmed message from the agent, 

update voltage information by repeating step 1) and 2). If there is no 

voltage violation or all available control methods have been activated, go 

to step 1). Otherwise, go to step 4). 

5.4 Discussion: Benefits of the Proposed Control 

Strategy 

The main advantages of the coordinated voltage control strategy are summarized 

below. 

 The proposed voltage control framework allows for required coordination 

between multiple agents (devices) while independent real-time control by each 

local control agent. Moreover, it is easy to modify and upgrade each local 

control agent or implement expansion (e.g. more DG connections) without 

interrupting other parts of control framework. 

 Further flexibility is provided by the SOP when the over- and under-voltage 

issues exist simultaneously within a network that cannot be solved by the OLTC. 

The use of SOP also reduces network power losses compared to reactive power 

control (e.g. capacitor banks). Moreover, the power electronic based device 

provides fast enough voltage control compared with the tap changing devices 

(e.g., OLTC, capacitor banks), which may be needed for DGs to ride through the 

voltage sags during emergency conditions.    

 A trade-off of the objectives, according to their prioritisation, is achieved by 

using the proposed priority-based coordination method. This method performed 

by an information-sharing platform is in line with the distributed control 

concept while unnecessary negotiation process among agents is eliminated and 

data communications are reduced.  
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 The computational burden is reduced because 1) a distributed voltage control is 

achieved by the local control agent, instead of doing a centralised 

calculation/optimisation using all data together, and 2) with the use of the 

simplified estimation method, the knowledge of the network voltage profile is 

obtained by each agent that find their respective maximum voltage and 

minimum voltages (within its corresponding segments) simultaneously. In 

addition, the numerical convergence problems of running the power flow 

algorithm is eliminated since there is no need for running the power flow 

algorithm in each time step, especially in the case of high R/X ratio networks. 

 The communication investments are reduced since the meters and sensors are 

placed at the OLTC, DG and SOP connecting points and only the critical data 

are exchanged via the information-sharing platform.  

5.5 Case Study 

The effectiveness of the coordinated voltage control strategy was verified on an MV 

distribution network obtained from [55], as shown in Figure 5.16. This network is a 

33-bus 11-kV distribution system with four feeders. The four feeders have different 

lengths, ratings and load types. Intermittent DG units with different characteristics were 

connected to different buses to simulate the unbalance in load/generation diversity 

between feeders. Table 5.1 shows a summary of the loads and DGs data. Figure 5.17 

depicts the normalized profiles for different load types (commercial, residential and 

industrial) and for different DG types within two days (a weekday and a weekend). 

These normalized profiles (half-hourly per step) were multiplied by the rated power of 

each load or DG (shown in Table 5.1) to have the power daily profile of each bus. All 

these data were obtained from [55]. More detailed network data can be found in the 

Appendix B. The voltage limits of this test network are 11 kV ±5%. The OLTC was 

assumed to have 32 taps with 0.00625 p.u. per step. An SOP was assumed to be 

installed between feeder 2 and 3. The capacity limit of the SOP is 1 MVA. This study 
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was programmed in Java and C. Balanced three-phase feeders were considered.  

SOP

OLTC

1 2 3 4 5 6 7 8 9 10

1 2 3 4 5 6

1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8

Feeder 1

Feeder 2

Feeder 3

Feeder 4

Wind

PV

33 kV/11 kV

Transformer

0

 

Figure 5.16: The four-feeder MV test network 

Table 5.1: Data of the Load and DG  

 

Feeder 

number 

Load profile DG profile 

 

Types 

Total rated 

loading 

(MVA) 

Types 

 

 

Locations Ratings 

(MVA) 

1 Commercial 4 Wind 3, 8 2, 0.5 

2 Residential 5 PV 2, 5, 10 5, 2, 1 

3 Industrial 3  Wind 3, 6 0.5, 2.5 

4 Residential 4.5 PV, wind 5, 8 0.5, 0.5 

 

(a)                                    (b) 

Figure 5.17: Normalized profiles of a weekend and weekday: (a) loads; (b) DGs  
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5.5.1 Voltage Profile Estimation  

The voltage profile generated by the estimation method proposed in section 5.2.1 was 

compared with the actual voltage profile (calculated by power flow analysis). Figure 

5.18 shows the overall maximum and minimum voltages along each feeder during the 

studied two days before voltage control. The maximum voltage was read from meters 

thus the same. It can be seen that the estimated minimum voltages were close to the 

actual values (the maximum difference is 0.004 p.u). For the minimum voltages, lower 

voltage bounds were generated by the proposed simplified estimation method (see the 

red curves). Therefore, more conservative voltage references will be used for voltage 

control using the proposed estimation method.  
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 (c)                                    (d)   

 

Figure 5.19 shows the snapshot voltage profiles of all buses along each of the four 

feeders at 11 am in the first studied day. The voltage profile by the proposed method 

were generated by connecting the critical voltage points, i.e., the measured voltages (at 

the substation busbar, SOP and DG connecting buses) and the estimated minimum 

voltage within each segment using the segment estimation method. It is clear that all 

the maximum and minimum voltage points were captured as expected. 
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Figure 5.18: Per unit maximum and minimum voltage profile over the studied period 

at (a) feeder 1; (b) feeder 2; (c) feeder 3; (d) feeder 4  
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                    (c)                                    (d)   

 

5.5.2 Coordinated voltage control using OLTC and SOP  

Most utilities prefer DG units to operate close to the unity power factor and do not 

allow regulating the voltage actively at the Point of Common Coupling [103]. In this 

context, the coordinated control merely considering the OLTC and SOP was conducted 

to investigate the performance of the proposed control strategy. All the DG units were 

assumed to operate in maximum power point tracking (MPPT) with unity power factor. 

Four control schemes were carried out for comparisons:   

Scheme I: Voltage control using the OLTC; 

Scheme II: Coordinated control between the OLTC and the SOP assuming only 

active power control; 

Scheme III: Coordinated control between the OLTC and the SOP assuming only 

reactive power control; 

Scheme IV: Coordinated control between the OLTC and the SOP assuming both real 

and reactive power control based on the proposed priority-based 

coordination. 
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Figure 5.19: Per unit voltage profile at 11am in the first studied day along (a) feeder 1; 

(2) feeder 2; (3) feeder 3; (4) feeder 4 
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The performance of the control schemes were evaluated in terms of the network voltage 

profile, the number of tap operations, total network power losses and the required size 

for the SOP to achieve voltage control. 

 Network voltage profile 

Figure 5.20 shows the overall maximum and minimum voltages of the network during 

the studied period when different control schemes are used. As shown in the figure, the 

network voltage profiles were within the specified limits for most of the time by using 

the OLTC, i.e., Scheme I. However, it could not solve the areas of infeasible solutions 

shown in the figure. These areas of infeasible solutions were mitigated when the SOP 

was coordinated with the OLTC, i.e., using Scheme II, III and IV.  

 

 

Figure 5.20: maximum and minimum voltage profiles at different control schemes 

 Tap operation 

Figure 5.21 compares the number of tap changes during the studies period when 

different control schemes are used. As shown in the figure, the number of tap 

operations was reduced significantly when the SOP was coordinated with the OLTC, 

i.e., using Scheme II, III and IV. The highest reduction was achieved by using Scheme 
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IV, which was reduced from 46 to 16 taps compared with Scheme I.  

     

 

Figure 5.21: Change of the tap operation at different control schemes 

 Network power losses  

Figure 5.22 compares the total network losses at different control schemes. It can be 

seen that the total network losses were reduced when Scheme II and IV were used. The 

highest loss reduction (by 21.93%) was achieved when the active power control of the 

SOP was merely considered (Scheme II). Such loss reduction benefit was slightly 

lessened by 19.41% when Scheme IV was used due to the participation of reactive 

power control. However, on the contrary, the total network power losses were increased 

by 11.60% when the reactive power control of the SOP was merely considered (Scheme 

III). This is due to the excessive absorption of reactive power from the network, which 

is in line with the previous results obtained in Section 5.3.1.  

-1

1

3

5

7

9

11

13

Ta
p

 p
o

si
ti

o
n

Time (hours)

Scheme I Scheme II Scheme III Scheme IV

12am 6am 6pm12pm 6pm 12am12pm12am 6am



Chapter 5                           Voltage Control in Active Distribution Networks with SOPs 

124 

 

 

Figure 5.22: Total network losses at different control schemes 

 Required size of the SOP 

Figure 5.23 shows the required size (in apparent power) of the SOP for the 

corresponding control schemes. All the three control schemes considering SOP 

compensate the changes of the load demands and DG productions which, in turn, 

reduces the dynamic changes of the voltage profiles and hence the number of tap 

operations. However, the SOP operated at its rated power for most of the time when 

only controls reactive power (Scheme III). When controls active power (Scheme II), the 

SOP operated at its rated power for only a few hours. The total hours, operating at rated 

power using the coordinated real and reactive power control (Scheme IV), was in 

between the other two. 
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Figure 5.23: Apparent power requirements for different SOP control schemes 

From the above results, it is concluded that the coordination between the OLTC and the 

SOP is essential when the OLTC is infeasible to solve the voltage problems. In addition, 

the proposed priority-based coordination of the OLTC and SOP achieves the best 

compromise of the sub-objectives (in accordance with the prioritisation of the 

objectives). It enables smaller number of tap operations comparing to the scheme of 

only using the active power control and fewer power losses comparing with only using 

the reactive power control.  

5.5.3 Coordinated voltage control using OLTC, SOP and DG  

Increasing the DG penetration in the distribution network brings more difficulties in 

controlling network voltages. The previous control using the OLTC and the SOP may 

not be able to control the voltage within the specified limits in such a case. Figure 5.24 

shows the overall maximum and minimum voltages of the network during the studied 

period when the capacity (rated power shown in Table 5.1) of the DG units (connected 

in feeder 2) were enlarged by 10%. It is shown that an overvoltage problem still exist 

during the peak PV generation when the coordinated control between OLTC and SOP 

was used.  
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Figure 5.24: maximum and minimum voltage profiles when increase DG penetration 

The coordinated control using the OLTC, SOP and DG units was conducted in this part. 

It was assumed that DG units installed at bus 9 in feeder 1, bus 5 in feeder 2, bus 6 in 

feeder 3 and bus 8 in feeder 4 were inverter-based DG unit and thus had the reactive 

power control capability. All DG owners were obligated to respond to the active power 

curtailment request.  

 

Two different cases were carried out for comparison purposes, which are the 

coordinated control using OLTC and DG units and the coordinated control using OLTC, 

SOP and DG units. The performance of these two cases were evaluated in terms of the 

network voltage profile, the total active power generated by DGs, the number of tap 

operations, total network power losses and the power settings of the SOP and DG unit. 

 Network voltage profile and total active power generated by DGs 

Figure 5.25 shows the maximum and minimum voltages of the network during the 

studied period. It can be seen that the overvoltage problem was solved for both cases 

when the DG units were involved in voltage control. However, DG active power 

curtailment was required for the case without involving the SOP control, as shown in 
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Figure 5.26. There was no curtailed DG active power when OLTC, SOP and DG units 

were coordinated for voltage control. 

 

Figure 5.25: maximum and minimum voltage profiles with increased DG penetration 

by coordinated control with and without involving SOP 

 

Figure 5.26: Total active power generated with increased DG penetration by 

coordinated control with and without involving SOP 

 Tap operation 

Figure 5.27 compares the number of tap changes during the studied period at different 
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15 taps. 

 

Figure 5.27: Change of the tap operation with increased DG penetration at different 

cases.  

 Network power losses 

Figure 5.28 compares the total network losses during the studied period at difference 

cases. It can be seen that the total network losses were reduced by 18.98% when the 

SOP were involved in the coordinated voltage control. 

 

Figure 5.28: Total network losses with increased DG penetration 
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 Power settings of the SOP and DG unit 

Figure 5.29 shows the required size (in apparent power) for the SOP and the reactive 

power for the PV DG units at bus 5 in feeder 2 during the studied period. As shown in 

Figure 5.29a, the SOP operates at its rated power for most of the time. For the PV DG 

unit, as shown in Figure 5.29b, it was operated under its rated power for most of the 

time when the SOP was not involved in the voltage control. However, the amount of 

reactive power support from the DG unit was reduced significantly when OLTC, SOP 

and DG were coordinated for voltage control. 

 

 

(a) 

 

(b) 

Figure 5.29: Power settings with increased DG penetration: (a) apparent power 

settings of the SOP, (b) reactive power settings of the PV DG unit   
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From the above results, it is concluded that the proposed coordination using the OLTC 

DG units and SOP is desirable in solving the voltage violation problem under high DG 

penetration while satisfying the sub-objectives, i.e., less active power curtailment, 

reduced number of tap operations and network power losses. The use of the proposed 

SOP control also reduces the amount of reactive power support from DG units for 

voltage control. 

5.6 Summary 

A novel coordinated voltage control strategy was proposed to maintain the network 

voltages within the specified limits whilst mitigating DG active power curtailment, 

reducing tap operations and network power losses. The OLTC, the SOP and multiple 

DG units were considered as the voltage control devices in this study. 

 

A coordinated but distributed voltage control framework was developed which uses a 

simplified voltage profile estimation method. The simplified voltage profile estimation 

method obtain the maximum and minimum voltages of each feeder based on the 

measurements at the substation substation busbar, the DG and SOP locations and thus 

without having to measure the voltage at each network node. The voltage control 

framework is based on a distributed coordination where the OLTC, the SOP and the DG 

units are considered as the local control agents. These agents operate independently 

based on the local measurements and achieve the coordination via data exchange 

through an information-sharing platform.  

 

Followed by an elaborated analysis of using SOP for distribution network voltage 

control, a priority-based coordination using the proposed voltage control framework 

was developed. This coordination allows the local control agents to be activated in a 

predefined sequence to achieve a trade-off among the objectives according to their 

prioritisation while remaining the independence of each agent.    
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Simulations verified the effectiveness of the proposed coordinated control strategy 

under various load and generation conditions as well as high DG penetration. The 

results showed that the proposed coordinated strategy has the capability to control 

network voltage while also mitigating DG active power curtailment, reduce the tap 

operations and avoid unnecessary increase in power losses in accordance with their 

prioritisation. Simulation results also illuminated the role and importance of the SOP 

for distribution network voltage control. It was found that the SOP is capable of 

compensating the OLTC control, avoiding unnecessary DG curtailment, reducing the 

number of tap operations and the network power losses as well as reducing the amount 

of reactive power support from DG units for voltage control.  
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6.1 Conclusions 

Soft Open Points are power electronic devices installed in place of normally-open 

points in electrical power distribution networks. They are able to provide active power 

flow control, reactive power compensation and voltage regulation under normal 

network operating conditions, as well as fast fault isolation and post-fault supply 

restoration under abnormal conditions. The use of SOPs for the operation of MV 

distribution networks was investigated from different perspectives including the control 

of a back-to-back VSC based SOP, the benefits analysis of using SOPs and distribution 

network voltage control with SOPs.    

6.1.1 Control of a Back-to-Back VSC based SOP 

Two control modes were developed for the operation of an SOP based on back-to-back 

VSCs. The power flow control mode regulates both active and reactive power flows on 

the connected feeders using a dual closed-loop current-controlled strategy. The supply 

restoration mode provides fast post-fault supply restoration to the isolated loads using a 

voltage and frequency control strategy. The operational principle and performance of 

the back-to-back VSC based SOP with these two control modes were analysed under 

both normal and abnormal network operating conditions: 

 Under normal conditions, the proposed SOP controller is able to provide both 

instantaneous and longer duration power flow regulation between the connected 

feeders as well as dynamic Volt/VAR control on both interface terminals.  

 During fault conditions, the SOP controller (power flow control mode) is able to 

isolate both balanced and unbalanced network fault between the connected 

feeders. Thus the fault propagation on the network can be limited and the 

short-circuit current can be maintained as same as the radial network operation 

without the SOP, which is important from a practical point of view as there is 

little impact on the existing protection schemes. 
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 Under post-fault supply restoration conditions, fast supply restoration (cold load 

pickup) can be achieved through a smooth transition between the power flow 

control mode and the supply restoration mode. For the transition from the power 

flow control mode to the supply restoration mode, a soft cold load pickup process 

was found preferred than a direct mode switching in order to avoid DC offset and 

inrush issues of current which may trigger unexpected protection operations. For 

the transition from the supply restoration mode to the power flow control mode, 

the undesirable current impulse and voltage drop can be reduced after using the 

voltage synchronization procedure and resetting the PI controllers. 

6.1.2 Benefit Analysis of SOPs for MV Distribution Network 

Operation 

The operational benefits of using SOPs in MV distribution networks were investigated 

focusing on power loss reduction, feeder load balancing and voltage profile 

improvement. A steady state analysis framework was developed to quantify the benefits 

of using SOPs. A generic power injection model of an SOP that is suitable for steady 

state analysis was developed. Both physical limits and internal power losses of a typical 

SOP device: back to back VSCs were considered in the model. The optimal SOP 

operation was obtained using improved Powell’s Direction Set method. A combined 

method considering both SOP and network reconfiguration were also proposed to 

identify the benefits. 

 

Based on the proposed framework, quantitative and sensitive analysis were conducted 

and the key findings are listed as follows: 

 SOPs can contribute to significant power loss reduction, feeder load balancing 

and voltage profile improvement. In the case study, using only one SOP achieved 

similar improvement on network power loss reduction and feeder load balancing 

compared to the case of using network reconfiguration with all branches 
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equipped with remotely controlled switches. By combining SOP and network 

reconfiguration, the greatest improvements were obtained and smaller SOP sizes 

were required.  

 When a large capacity of DGs were connected to the distribution network, SOPs 

were found be able to significantly reduce the peak currents in feeders and 

alleviate undesirable voltage excursions induced by the connection of DG and 

demand. Therefore, SOPs can be used as an alternative to infrastructure upgrades 

in accommodating distributed energy resources.  

 When the device efficiency (at rated power) decreased, the economic benefit of 

SOP obtained from reducing total network power losses were lowered. However, 

a greater positive impact were obtained when the system loading increased. The 

requirements on SOP device efficiency for network loss reduction were reduced 

when the system loading increased. 

6.1.3 Voltage Control in Active Distribution Networks with SOPs   

A novel coordinated voltage control strategy was proposed, in which OLTC, SOP and 

DG units were considered as the controllable devices. The objective of the control 

strategy was to maintain the network voltage within the specified limits whilst avoiding 

unnecessary DG active power curtailment, reducing tap operations and network power 

losses.  

 

A coordinated but distributed voltage control framework was developed which uses a 

simplified voltage profile estimation method. The simplified voltage profile estimation 

method obtains the maximum and minimum voltages of each feeder based on the 

measurements at the substation busbar, the DG and SOP locations and thus without 

having to measure the voltage at each network node, which is able to reduce the 

investment cost. The voltage control framework is based on a distributed control 

scheme where the OLTC, the SOP and the DG units are considered as the local control 
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agents. These agents operate independently based on the local measurements and 

achieve the coordination via data exchange through an information-sharing platform.  

 

Followed by an analysis of using SOP for distribution network voltage control, a 

priority-based coordination using the proposed control framework was developed. This 

coordination, without affecting the independence of each agent, allows the local control 

agents to be activated in a predefined sequence that can achieve a trade-off among the 

objectives according to their prioritisation.  

 

The results presented prove the capability of the proposed coordinated strategy to 

achieve a trade-off among objectives in accordance with their prioritisation. Simulation 

results also illuminated the role and importance of the SOP for distribution network 

voltage control. It was found that the SOP is capable of compensating the OLTC 

control, avoiding unnecessary DG active power curtailment, reducing the number of tap 

operations and the network power losses as well as reducing the amount of reactive 

power support from DG units for voltage control. 

6.2 Future Work 

The following future work was identified to extend the work reported in this thesis: 

6.2.1 Use of other control strategies for the operation of the 

back-to-back VSC based SOP 

In this study, when a fault occurs on a feeder, a voltage and frequency control strategy 

was used for the SOP to support isolated loads due to fault isolation. However, this 

control strategy cannot limit the overcurrent on the interfacing VSC when a further 

fault occurs on the isolated area. Hence additional protection of the interfacing VSC 

needs to be considered. Therefore, control strategies that can provide the function of 

limiting overcurrent should be investigated. One possible solution is to add an inner 
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current control loop to the current control strategy to limit the fault current.  

 

A mode switching method were used to achieve a transition between the two control 

modes of the SOP. The parameters of the PI controllers need to be determined carefully 

upon the switching of the control modes in order to avoid unexpected transient 

oscillations on the output voltage and current. Control strategies of the SOP that can 

avoid the mode switching process should be investigated to improve the reliability.    

6.2.2 Performances of the back-to-back VSC based SOP considering 

different load types 

The performances of a back-to-back VSC based SOP in MV distribution networks have 

been investigated considering passive loads with constant impedances. However, 

induction and/or synchronous machines (e.g., induction motor, synchronous generator) 

are usually connected to distribution networks. These types of loads have different load 

characteristics and, hence, may lead to different transient behaviours. Therefore, further 

investigations on the performance of the proposed SOP device with different types of 

network loads should be undertaken as future work.    

6.2.3 Impacts of SOPs on feeder automation 

Feeder automation is realized through automatic detection, isolation and 

reconfiguration of faulted segments on distribution feeders. In this study, the capability 

of the back-to-back VSC based SOP for fault isolation and post-fault supply restoration 

was investigated. However, the interactions between the SOP and existing feeder 

automation schemes were not considered.  

 

For example, a simple form of feeder automation is achieved by deploying 

combinations of reclosers and sectionalizers in a radial feeder. NOPs are used to allow 

the radial feeders operating as an ‘open ring’. These devices (reclosers, sectionalizers 

and NOPs) are coordinated to minimize the interruption of supply to customers under 
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fault conditions. When the NOPs are replaced with SOPs, the impact of the SOP on the 

existing feeder automation scheme should be assessed. Additionally, the coordination 

between the SOP and existing feeder automation scheme to avoid incoherent control 

actions and approaches to obtain an optimal solution should be investigated. 

6.2.4 Use of SOPs in unbalanced three-phase distribution networks 

In this thesis, the use of SOPs in balanced three-phase distribution networks was 

investigated. However, the domestic and some commercial customers connected to the 

distribution network usually have single-phase connections. Therefore, the load in 

distribution networks cannot be perfectly balanced. The imbalance in the three-phase 

equipment needs to be reduced.  

 

The SOP contains a common DC bus and hence enabling exchange of instantaneous 

power between phases, which can be used to rebalance the power flows on the 

connected feeders. Hence, new controllers should be investigated for the operation of 

the SOP to address unbalanced three-phase conditions. In addition, the benefits of using 

SOPs for the operation of unbalanced three-phase distribution networks should be 

quantified and evaluated. Single phase power flow and optimization are suggested as 

possible solution methods for the benefit analysis. New voltage control strategy to 

address the voltage imbalance among the three phases should also be investigated.  

6.2.5 Economic analysis of SOPs in MV distribution networks 

This thesis investigated the technical benefits of SOPs in MV distribution networks. 

However, a purely economic evaluation will give a better idea of weather the SOP 

implementation is feasible, and where costs must be reduced to make it feasible. Hence, 

further study on the economic analysis of SOPs should be undertake as future work. 

 

The life cycle costs of SOPs should be quantified. The optimal amount, locations and 

sizes of SOPs should also be determined considering the capital cost of SOPs. In 
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addition, the power loss reduction benefit of SOPs was performed in this thesis. In 

order to further quantify the loss reduction benefit of SOPs, this study should be 

extended to the study of quantifying energy power losses during a period. 
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Appendix A: Data for the Two-Feeder Test 

Network 

Table A.2 Network Parameters for the SOP study in Chapter 5  

Feeder 

No. 

From 

bus 

To 

bus 

Line Impedance parameters Length 

(km) 

load parameters at 

receiving buses 

r (ohm/km) x (ohm/km) P (kW) Q (kVar) 

2 0 1 0.203 0.1034 1 60 25 

2 1 2 0.2842 0.1447 1 60 25 

2 2 3 1.059 0.9337 1 60 20 

2 3 4 0.8042 0.7006 1 120 70 

2 4 5 0.5075 0.2585 1 200 600 

2 5 6 0.9744 0.963 1 150 70 

2 6 7 0.3105 0.3619 1 210 100 

2 7 8 0.341 0.5302 1 60 40 

1 0 1 0.0922 0.047 1 100 60 

1 1 2 0.493 0.2511 1 90 40 

1 2 3 0.366 0.1864 1 120 80 

1 3 4 0.3811 0.1941 1 60 30 

1 4 5 0.819 0.707 1 60 20 

1 5 6 0.1872 0.6188 1 200 100 

1 6 7 0.7114 0.2351 1 200 100 

1 7 8 1.03 0.74 1 60 20 

1 8 9 1.044 0.74 1 60 20 

1 9 10 0.1966 0.065 1 45 30 

1 10 11 0.3744 0.1238 1 60 35 

1 11 12 1.468 1.155 1 60 35 

1 12 13 0.5416 0.7129 1 120 80 
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1 13 14 0.591 0.526 1 60 10 

1 14 15 0.7463 0.545 1 60 20 

1 15 16 1.289 1.721 1 60 20 

1 16 17 0.732 0.574 1 90 40 
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Appendix B: Data for the Four-Feeder Test 

Network  

Table B.3 Network Parameters for the Case study in Chapter 5  

Feeder 

No. 

From 

bus 

To 

bus 

Line Impedance parameters Length 

(km) 

Rated loading at 

receiving buses 

r (ohm/km) x (ohm/km) P (kw) Q (kvar) 

1 0 1 0.55 0.4 1 228 171 

1 1 2 0.55 0.4 1 273.6 79.8 

1 2 3 0.55 0.4 1 112.5 124.26 

1 3 4 0.55 0.4 1 171 228 

1 4 5 0.55 0.4 1 79.8 273.6 

1 5 6 0.55 0.4 1 256.5 124.26 

1 6 7 0.55 0.4 1 228 171 

1 7 8 0.55 0.4 1 163.2 68.6 

2 0 1 0.55 0.4 1 196 147 

2 1 2 0.55 0.4 1 235.2 68.6 

2 2 3 0.55 0.4 1 220.5 106.82 

2 3 4 0.55 0.4 1 147 196 

2 4 5 0.55 0.4 1 68.6 235.2 

2 5 6 0.55 0.4 1 235.2 68.6 

2 6 7 0.55 0.4 1 196 147 

2 7 8 0.55 0.4 1 235.2 68.6 

2 8 9 0.55 0.4 1 196 147 

2 9 10 0.55 0.4 1 343.2 100.1 

3 0 1 0.55 0.4 1 286 214.5 

3 1 2 0.55 0.4 1 321.75 155.87 

3 2 3 0.55 0.4 1 307.2 100.1 
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3 3 4 0.55 0.4 1 100.1 343.2 

3 4 5 0.55 0.4 1 214.5 286 

3 5 6 0.55 0.4 1 55.2 68.6 

4 0 1 0.55 0.4 1 196 147 

4 1 2 0.55 0.4 1 235.2 68.6 

4 2 3 0.55 0.4 1 220.5 106.82 

4 3 4 0.55 0.4 1 147 196 

4 4 5 0.55 0.4 1 235.2 68.6 

4 5 6 0.55 0.4 1 220.5 106.82 

4 6 7 0.55 0.4 1 235.2 68.6 

4 7 8 0.55 0.4 1 111 196 

4 8 9 0.55 0.4 1 106.82 220.5 

 

 

 

 

 

 


