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Successful Delivery Reward Criteria 
 

The SDRC matrix in Table 1 illustrates at a high level how the SDRC 9.5 criteria are met in this report 

and its appendices. 
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Documentation of various 

enhanced modes of operation of 

power electronics devices; with 

comparisons of early modes of 

operation with those proposed by 

Imperial Consultants. 

 Section 3 of this report 

 Appendix A – Enhanced Modes of Operation 

Provision of the required inputs for 

the Cost Benefit Analysis to the 

WS4 contractor. 

 Section 4 of this report (and specifically 

Section 4.5 for CBA rules) 

 Appendix B – Examples of benefits case 

studies and overview spreadsheet 

Provision of demand profiles and 

other measured analogues to the 

WS4 contractor. 

 Section 5 of this report 

A report detailing how power 

electronics actively manages fault 

current, delivers voltage control and 

indications of device losses under 

operational conditions. 

 Section 3.4 of this report (voltage control) 

 Section 6 of this report (fault current and 

device losses) 

 Appendix C – Power Electronics: Fault 

current and voltage control 

Table 1. SDRC 9.5 Matrix of Evidence 
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Executive Summary 
 

The overarching aim of the Flexible Urban Networks at Low Voltage (FUN-LV) project is to explore the 

use of power electronics devices (PEDs) to enable deferral of reinforcement and facilitate the 

connection of low carbon technologies and distributed generation in urban areas, by meshing existing 

networks which are not currently meshed, and by removing boundaries within existing meshed 

networks.  The first-of-a-kind devices pioneered on this project provide wholly new technical 

capabilities for Distribution Network Operators (DNOs) managing the network. 

 

During 2016 UK Power Networks has progressed from the installation and commissioning of the 

Method 1 equipment (link box switches (LBS) and remote control circuit breakers (CBs)), and Method 

2 and 3 equipment (Soft Open Points (SOPs)), to the operation of the sites and technical analysis of 

the equipment performance.  The sites are operating across London (both radial and interconnected 

low voltage (LV) networks) and Brighton (radial LV networks only). Measurement data from the FUN-

LV equipment and connected substations is available to the project team through a variety of means 

(PI data historian, iHost provided by Nortech, PowerOn enhanced for the project by GE Grid Solutions, 

and the FUN-LV field trials dashboard, being developed by Differentia in Qlikview). 

 

The data for each scheme has been downloaded, processed and initial analysis performed to assess 

the level of equalisation taking place, with 10 detailed studies of all modes of operation completed for 

selected case studies.  The results of this analysis are presented here in this report and will be used to 

feed into the Cost Benefit Analysis (CBA) work, being undertaken under work stream 4 (WS4) of the 

project.  In addition, the performance of the suite of enhanced modes of operation for the SOP (for 

Methods 2 and 3) has been assessed.  Other inputs required for the CBA, such as a number of daily 

substation profiles, have been provided. 

 

The analysis completed shows that all three method types have successfully demonstrated power 

sharing for load equalisation between network substations, with nearly all Method 2 and 3 sites 

demonstrating good sharing performance but Method 1 site performances were more varied due to 

network configuration.  The secondary enhanced modes (e.g. voltage support mode) have also all 

demonstrated successful operation, however, further development of the Method 2 and 3 SOP is 

recommended to achieve higher levels of performance.  Key lessons learnt and recommendations for 

each method and mode are also given in this report for future generations and deployments of PEDs 

in meshed networks. 

 

This report details the necessary and sufficient evidence to complete Successful Delivery Reward 

Criteria (SDRC) 9.5 “Successful demonstrations of enhanced modes of operation of power electronics 

devices”. 

 

Key learning – Method 1 Circuit Breakers 

 

FUN-LV Method 1 is a simple approach to capacity sharing, using remote controlled CBs to mesh two 

or more substations at LV.  Capacity sharing is uncontrolled.  There are two key deployment 

opportunities for Method 1 installations: connection of Radial Embedded Substations (RES) within the 

surrounding interconnected network, and the connection of two substations in an area where the 

secondary substations are normally run radial.   

 

Trial analyses for Method 1 schemes shows: 

 

 The RES schemes trialled have demonstrated high levels of power transfer after meshing (up 

to 230 kW at the Method 1 CBs at LPN 1.2i Portman Close and 123 kW at LPN 1.3i Edgware 

Rd 112-130) 
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 Significant changes to the share of substation group demand
1
 (e.g. LPN 1.2i Portman Close 

RES increased its share of group demand from around 10 - 15% before meshing to around 

32% after meshing, with subsequent decreases at other connected substations).  The demand 

at the most highly utilised substation in the group has decreased after meshing – this releases 

capacity and increases the group headroom. 

 Voltages have decreased at the RES substation, and increased at others, leading to a 

flattening of the voltage profile.  This presents an opportunity to perform voltage optimisation 

were the schemes to be deployed across a section of network; voltages could be reduced to 

create further capacity headroom and reduce energy delivered to meet customer demands. 

 Current phase unbalance has improved at all substations where 3-phase current data was 

made available 

 

A key learning point from the analysis of the radial Method 1 case studies is that the network 

architecture and distribution of load along the connecting circuit is a key factor in the performance of 

the devices for load equalisation.   

 

Understanding the circuit layout, lengths, position, size of loads and circuit load is critical at the design 

stage for FUN-LV Method 1 solutions, where the power flows according to Ohm’s law (rather than the 

controlled power flows with the SOPs).  Meshing can work to increase capacity headroom for 

distributed loaded circuits, but may reduce capacity headroom for networks with large point loads 

and/or teed circuits.  Understanding the effects of network architecture is key to predicting transfers. 

 

Overall the Method 1 schemes, due to the relatively “weak” meshing
2
 and the uncontrolled nature of 

load sharing, have shown mixed results in terms of achieving transformer equalisation.  They are a 

reliable design option for achieving transformer equalisation only in certain network configurations.  

This is compared to the SOPs (Methods 2 and 3), which have full control over real and reactive power 

flows.  

 

Lastly, where FUN-LV Method 1 schemes raise and flatten the network voltage profile, if widely 

deployed this could allow voltages to be reduced across a section of the network.  This would have the 

benefits of: 

 

 Releasing capacity and creating further headroom for either load or generation connections; 

and 

 Reducing demand/energy used, leading to reduced CO2 emissions.  

 

The Method 1 solution thus could also provide a potential enabler for wider, smart voltage optimisation 

strategies in the future. 

  

Key learning – Methods 2 and 3 Soft Open Points 

 

The primary aim of the SOP, and of the algorithm, is to perform a support function called transformer 

equalisation, to equalise demand across connected substations. The analysis completed of the 

Method 2 and 3 trial schemes has clearly demonstrated the capability of the SOPs to perform 

transformer equalisation.  For each of the schemes studied for the case studies the maximum demand 

of the mostly highly utilised substation has been reduced with the operation of the SOP, releasing 

                                                      
1
 Group demand is the total (kVA) demand of all substations connected by the FUN-LV method in the trial scheme 

2
 A weakly meshed network contains one or more weakly meshed spine circuits, where a weakly meshed spine circuit is one 

that is directly supplied from one or two otherwise radial substations (or a SOP).  A spine circuit is a circuit between two or more 

substations (or substations and SOP ports) that may comprise cable sections and linkboxes. 
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capacity at these sites.  The analysis has also identified future improvement opportunities for the SOP 

control algorithms and settings, to further improve the performance and benefits of the devices.  

 

The impact of each FUN-LV scheme analysed for the case studies on the maximum utilisation of the 

most highly utilised substation in the group (prior to meshing) is shown in Table 2 below and is 

illustrated graphically in Figure 1. 
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Max 

utilisation 

before FUN-

LV Method 

45% 89% 48% 51% 82% 78% 49% 81% 77% 79% 

Max 

utilisation 

with FUN-LV 

Method 

37% 98% 45% 42% 75% 50% 40% 54% 68% 67% 

% Change -8% 9% -3% -9% -7% -28% -9% -27% -9% -12% 

 

Table 2. Extract from summary of key performance of selected FUN-LV schemes – change in the 
maximum utilisation of the most highly utilised substation due to the FUN-LV Method 

 

 

Figure 1. Illustration of change in the maximum utilisation of the most highly utilised substation due to 
the FUN-LV Method 

In all instances apart from one (LPN 1.7r Eastbourne Terrace) the maximum utilisation of the most 

highly utilised substation in the group has been reduced with the introduction of a FUN-LV method. 

 

Enhanced modes 

The performance of the control algorithm has been assessed, for the primary mode of operation 

(transformer equalisation) and for the secondary, enhanced modes of operation.   
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Transformer equalisation has been shown to be effective. However, protective ‘asset guarding’ limits 

and the fact that the SOP does not produce or store energy can reduce the power actually transferred.  

For example, the voltage at the SOP port terminals increases when the SOP is exporting power in 

order to reduce the transformer loading and the feeder current increases when the SOP is importing 

power in order to increase the transformer loading. This is because when one port of the SOP is 

exporting power another port of the SOP must import power since there is no storage available. If the 

voltage is high and the SOP needs to export, the export power is limited due to the voltage rise and if 

the feeder between the SOP and the transformer is heavily loaded, then the remaining capacity in the 

feeder will determine the amount the SOP is able to import. 

 

The SOP has been successfully shown to change the voltage at the terminals of the SOP by exporting 

or importing real power. However, the current approach taken in the algorithm looks for a large 

difference between the voltages at the different ports for voltage support mode to be the most 

effective. These voltage differential conditions have not typically been observed at the FUN-LV trial 

schemes that have been analysed, where the voltage is typically high at all ports. Future 

developments of the voltage support algorithm are recommended to consider a voltage equalisation 

based algorithm, which could be more effective in appropriate locations.   

 

The SOP has also demonstrated capacity to provide power factor support (PFS), though the analysis 

has shown lower than expected results due to the reactive power flows on the LV network being low.  

Increasing the sensitivity of the algorithm should be considered in future developments in order to 

increase the performance of the PFS mode 

 

Phase unbalance support was shown to be able to reduce the voltage unbalance at the terminals of 

the SOP as designed, but it was observed that the effect of improving the load phase balance of the 

network did not fully cascade to the remote substation feeder end.  Additional monitoring and changes 

to the approach taken in the control algorithm are being further considered. 

 

Scheme analysis and provision of required inputs to WS4 CBA 

 

A set of benefit case studies have been produced, based on detailed analysis for 10 FUN-LV sites.  

This analysis included the background to the site selection, analysis of equalisation/real power 

transfers, and analysis of secondary benefits. 

 

The sites were selected for the case studies to cover the different FUN-LV Methods and network 

areas, as well as demonstrating a range of benefits.  This was to understand how the different 

Methods perform in a range of different situations.  The questions that the case studies seek to 

answer include:   

 

 How much power is being transferred through the devices? 

 What is the transformer demand with and without the Method deployed? 

 What is the impact on transformer utilisation and share of group demand? 

 What secondary benefits have been demonstrated? 

 

From this analysis of the devices delivering equalisation and secondary benefits, technical 

performance “rules” have been devised for input to the CBA model. 
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Equalisation – Rules for CBA model 

 

The CBA model requires a number of inputs, including an indication of the performance of the FUN-LV 

Methods (“method effect parameters”).  The method effect parameters have been based on the 

analysis of the performance of the FUN-LV Methods.   

 

For Method 1 schemes, the most appropriate format of a “rule” for equalisation in a given scheme is to 

provide the share of group demand percentages for each connected substation in the group when the 

scheme is meshed, based on observations in the field trials data. 

 

For the SOP schemes (Methods 2 and 3), the approach for “rules” for equalisation in the scheme 

specific CBA model will be to use an equalisation model, where the expected equalisation has been 

demonstrated in the field trials.  A model has been provided, which is based on a simplified version of 

the approach taken in the SOP control algorithm.  Where equalisation has been constrained, or 

exceptions to this rule have been observed, an appropriate limit would be used in the CBA model. 

The FUN LV methods have an impact on system losses. The impact has been examined by 

performing network studies on a base case scenario and comparing it to the case including a SOP at 

the time of peak power flows.  On this basis the studies have determined that: 

 
1. The losses from the SOP itself are the most significant factor, causing an increase in losses 

between the base case and the case utilising a SOP. 
2. There is a small decrease in the losses in 11kV/LV transformers when the SOP is utilised, due 

to better load sharing. 
3. There is a small increase in losses in LV lines when the SOP is utilised. This is due to the 

higher voltage profile created.  
 

The CBA rule should therefore include the direct losses of the SOPs for method 2 and 3 schemes, 
when they are operating. The effects on transformers and lines are negligible.  

 

Provision of demand profiles 

 

Other inputs required for the CBA model are Business as Usual (BAU) reinforcement and Method 

costs (this will be detailed in SDRC 9.6); and base case (or baseline) demand profiles for each of the 

schemes.  The base case demand profiles for the FUN-LV scheme substations have been extracted 

from the Distribution Network Visibility (DNV) tool, PI database and iHost servers and provided to the 

WS4 contractor. 

  

Other operational experience – fault current and losses 

 

The FUN-LV SOPs do not provide or pass fault current, as they would need to be over-rated to do 

this, which would lead to an increase in costs and size of the devices.  This is a key benefit of the SOP 

with advantages  including: 

 

 allowing the SOP to join substations that cross different network boundaries (e.g. the scheme 

at The Ritz joins 11kV and 6.6kV networks), which has not previously been possible; and 

 reducing the fault current level in part of the network by using the SOP to split the network or 

allow additional connections that would not otherwise be possible due to fault current 

contributions. 

However, this feature can also create a limitation; if one port of the SOP were connected to loads 

without the connection of a substation then conventional protection may not operate correctly.  
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Imperial College (project partner) has a lab based activity to explore this in more detail, in the next 

phase of the project.  

 

The response of the FUN-LV SOP to faults was tested at the Power Networks Demonstration Centre 

(PNDC), and the results confirm that the output current is limited in the event of faults.  There is some 

operational experience of the SOPs responding to faults during the field trials – a 132kV network fault 

occurred causing noticeable voltage sags at all voltage levels.  After the fault was cleared the voltages 

recovered quickly.  The SOP control and protection system sensed an under-voltage event and 

locked-out SOP operation, as designed. The SOP needed manual intervention at site to restart. A 

future control system would detect that the network voltages are back to normal and instruct the SOP 

to return to service. 

 

PEDs consist of a number of components, all of which contribute to the total device losses.  The 

losses of the SOP were measured on site using a data logger which recorded power for each port of 

the SOP. The measurements were taken at the output of the SOP and included the demand from the 

ancillary systems.  As expected, the SOP is less efficient at lower power transfers.  This is due to the 

switching losses and losses associated with the ancillary and cooling supplies.  The losses have been 

measured and expressed as a percentage of the power being imported (power from substation to 

SOP) and not as a function of the capacity of the SOP.  The losses for a dual- and multi-terminal 

SOPs are summarised in Table 3 below. 

 

 
Low import (50 kW) 

High import (240 kW for dual-

terminal / 250 kW for multi-terminal) 

Dual-terminal 15% (7.5 kW) 7% (18.6 kW) 

Multi-terminal 25% (12.5 kW) 10% (25 kW) 

Table 3. SOP device losses 

 

The losses of the multi-terminal are greater than the losses of the dual-terminal device for both the 

fixed losses and the variable power transfer losses.  This is due to losses associated with the cooling 

system and the third port of the device. 
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1. Introduction 

1.1 Background 

Efforts to decarbonise electricity generation, heat and transport will place increasing demands on 

electricity distribution networks, particularly so for the LV networks closest to our customers, where 

Distribution Network Operators (DNOs) have the obligation of supplying customers within tightly 

defined voltage limits, which their devices have been designed to expect, and at a sufficient quality 

(harmonics, sags, swells and flicker). 

 

Interconnected networks, as suggested in the Ofgem transform model, offer one potential solution to 

this challenge. In interconnected networks, also termed as meshed networks, customers are supplied 

via two or more different routes through the LV network, with the result that their demand can be 

shared across substations. This can reduce loading on transformers, suppress voltage fluctuations, 

reduce losses, and customers benefit from in-built resilience to high voltage (HV) network faults.  UK 

Power Networks has run some parts of its networks meshed for many years. In urban and central 

business districts, both in UK Power Networks and other DNOs, there is potential for further meshing. 

 

The overarching aim of the FUN-LV project is to explore the use of PEDs to enable deferral of 

reinforcement and facilitate the connection of low carbon technologies and distributed generation in 

urban areas, by meshing existing networks which are not meshed, and by removing boundaries within 

existing meshed networks.  Power electronics allows the reversion of the meshed network to two 

radial networks in the event of a fault.   

 

The FUN-LV trials demonstrate three different Methods with increasing levels of capacity sharing 

functionality.  Method 1 uses remote control CBs and LBSs developed by TE Connectivity and 

supplied under licence by EA Technology Ltd.  The LBS replaces a solid link in the link box.  This 

equipment joins substations together providing uncontrolled levels of current flow.  Methods 2 and 3 

use two or three back-to-back power inverters, respectively, with a common DC busbar.  The inverters 

are controlled by an autonomous control system (developed by Imperial College) that takes 

measurements from various points in the system and calculates the level of power flow required 

across the DC busbar.  Each inverter is able to import or export real and reactive power between 

different AC LV networks and the DC busbar, dependent on how the inverter is switched.  Methods 1 

and 3 are installed within distribution substations whereas Method 2 is installed as a piece of street 

furniture. 

1.2 Report Scope and Objectives 

As well as documenting the key learning to date from the FUN-LV field trials (Section 2), this report 

details the necessary and sufficient evidence to complete SDRC 9.5 “Successful demonstrations of 

enhanced modes of operation of power electronics devices”: 

• Section 3: Documentation of various enhanced modes of operation of power electronics devices 

(with comparisons of early modes of operation with those proposed by Imperial Consultants); 

• Section 4: Provision of the required inputs for the CBA to the WS4 contractor; 

• Section 5: Provision of demand profiles and other measured analogues to the WS4 contractor; 

and 

• Section 6: A report detailing how power electronics actively manages fault current, delivers 

voltage control and indications of device losses under operational conditions. 

 

The target audience for this report are Ofgem and DNOs seeking to understand the capabilities of 

power electronics devices as demonstrated in this project. This report is to be publically available for 
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sharing with wider stakeholders across the power industry and has been published on the UK Power 

Networks innovation website.   

 

2. Key Learning from FUN-LV Field Trials  
 

At the heart of the FUN-LV project are field trials of each of the FUN-LV Methods, including 

 

 12 Method 1 installations: remotely controllable CBs and LBS (provided by EA Technology 

Ltd);  

 12 dual-terminal SOP installations: 2-port SOPs (provided by Turbo Power Systems Ltd, 

(TPS)); and  

 12 multi-terminal SOP installations: 3-port SOPs (provided by TPS).   

 

Trial sites in London and Brighton have been selected as representative examples of UK urban 

networks. The aim of the trials is to demonstrate the extent to which these devices are able to release 

capacity in the LV network.  The sites have been operational from dates across autumn 2015.   

 

Overall the FUN-LV Methods have demonstrated the capabilities envisaged at the project inception; a 

primary benefit of transformer equalisation and secondary benefits relating to the ability to improve 

and/or control supply quality parameters such as voltage and power factor.  The analysis has also led 

to important learning, including: 

 a better understanding of the key aspects for identifying whether a FUN-LV solution would be 

recommended for installation at a particular site; 

 recommendations for improvement in the SOP control algorithm and settings;  and 

 wider network opportunities (rather than only considering individual sites) for voltage 

optimisation. 

 

The performance of the sites has been analysed in detail for ten case study schemes, and the key 

findings and lessons are summarised in this section of the report. 

2.1 Primary benefit: Transformer equalisation 

2.1.1 Method 1 

This basic method shares capacity across two or more substations and is the lowest cost to install. 

The method consists of CBs being fitted into the LV circuit(s) between two or more substations which 

will share capacity, and where required fitting LBS into a link box which is currently functioning as a 

normal open point.
3
  Both items of equipment are remotely controllable and provide load telemetry.  

Capacity sharing is uncontrolled, i.e. power flows according to relative network impedances.  Method 1 

typically can allow transfers of up to 200 kVA.
4
 

 

There are two key types of Method 1 installation: 

 

 RES are those substations supplying customers that, whilst having usually one LV network 

cable for maintenance purposes, are not at present normally run connected to interconnected 

networks.  Five of the Method 1 installations are the connection of RES sites, including all 

Method 1 schemes in the interconnected London network. 

                                                      
3
 The Link Box Switches are not a compulsory element of the Method 1 solution; there are some schemes that only operate with 

the remote controlled circuit breakers 
4
 For further information on the Method 1 equipment, installation and commissioning, refer to FUNLV_PMD_PMO_020_SDRC 9 

2_LV switches and circuit breakers on LV networks_v1.0 

http://innovation.ukpowernetworks.co.uk/innovation/en/Projects/tier-2-projects/Flexible-Urban-Networks-Low-Voltage/
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 Radial sites: the connection of two substations in an area where the secondary substations 

are normally run radial. 

 

RES Schemes 

 

 The RES schemes have demonstrated high levels of transfer after meshing (up to 230 kW at 

the Method 1 CBs at LPN 1.2i Portman Close (See Figure 2) and 123 kW at LPN 1.3i 

Edgware Rd 112-130 (See Figure 3) and significant changes to the share of group demand 

(e.g. LPN 1.2i Portman Close RES increased its share of group demand
5
 from around 10 - 

15% before meshing to around 32% after meshing, with subsequent decreases at other 

connected substations (See Figure 4)); 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Portman Close Active Power Transfers.  

                                                      
5
 Group demand is the total kVA demand of all schemes that are connected after meshing.  Share of group demand is the 

percentage of kVA demand at each substation as a portion of the total group demand. 
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Figure 3. Edgware Road Active Power Transfers  

 

Figure 4. Portman Close changes in group demand with Meshing 
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 The demand at the most highly utilised substation in the group has decreased after meshing – 

this releases capacity and increases the group headroom, for example at LPN 1.3i Edgware 

Rd 112-130 the most highly utilised substation in the group, Nutford Pl Holiday Inn, had a 

maximum utilisation prior to meshing of 51% (average utilisation 24%) and a maximum 

utilisation after meshing of 42% (average utilisation 21%); 

 Voltages have decreased at the RES substation, and increased at others, leading to a 

flattening of the voltage profile (Figure 5);  

 At one of the RES schemes there has been a noticeable increase in total group demand after 

meshing (LPN 1.2i), which is likely to be due to flattening and increased voltage profile; 

 For substations with 3-phase current data available, current phase unbalance has improved at 

all substations; and 

 There has been a mixed impact on power factor at connected substations, with some showing 

improvement and others not.  At the scheme LPN 1.3i Edgware Rd 112-130 there was an 

overall improvement in power factor, when considering the whole group.  

 

Graphs that illustrate the above points can be found in Section 4 of this report and in Appendix B1 for 

the LPN 1.3i Edgware Rd 112-130 case study. 

 

 

Figure 5. Illustration of changes in voltage profile in the network due to meshing 

 
Where FUN-LV Method 1 schemes raise and flatten the network voltage profile ( 

Figure 5), if widely deployed this could allow voltages to be reduced across a section of the network.  
This would have the benefits of: 

 

 Releasing capacity and creating further headroom for either load or generation connections; 

and 

 Reducing demand/energy used, leading to reduced CO2 emissions.  

 

This is a potential opportunity for voltage optimisation.  As this benefit is not scheme specific, it is not 

being taken into account in the FUN-LV CBA.  However, it is an important learning point. 

 

Radial schemes 

A key learning point from the analysis of the radial Method 1 case study schemes is that the network 

architecture and distribution of load along the connecting circuit is key to understanding the 

performance of the devices for load equalisation.   

 
For example, at the SPN 1.2 M&S scheme the connecting circuit when the scheme is meshed has no 
recorded customer services, only street furniture (e.g. lamp posts).  When meshed, the transfer 
between the two connected substations is limited by the impedance of the circuit.  While some 
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transition towards equalisation is observed (e.g. from a 90:10 share when run radial to an 80:20 share 
when meshed - Figure 6), this is more limited than, for example, the changes seen with the RES 
schemes. 

 

 

 

 
Figure 6. Share of group demand between Dyke Road and Regent Hill (SPN 1.2)

6
 

At another site, LPN 1.7r Eastbourne Terrace, an increase in utilisation at both substations was 

observed (rather than an increase at one and a decrease at another), including at the most heavily 

loaded substation of the two.  This scheme did not exhibit the desired outcome of sharing capacity 

between connected transformers.  To understand this outcome, the network architecture was 

reviewed – a simplified network schematic for the scheme is shown below (Figure 7).  A key feature to 

note is the teed circuit located near to Eastbourne Terrace, and with a significant number of 

customers.  Rather than a relatively evenly distributed load along the feeder being meshed, this tee 

will appear as a large point load, closer to Eastbourne Terrace, the highly utilised substation.  When 

the Method 1 CBs at Eastbourne Terrace are closed and the site is meshed, rather than 

demonstrating load sharing across the two substations, the point load “grabs” demand from the closer 

substation, Eastbourne Terrace.     

                                                      
6
 The zero readings represent a period where data was not recorded, due to intermittent communication signals 
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Figure 7. Network schematic of LPN 1.7r Eastbourne Terrace, a FUN-LV Method 1 scheme 

 

Understanding the circuit layout, lengths, position, size of loads and circuit load is critical at the design 

stage for FUN-LV Method 1 solutions, where the power flows according to Ohm’s law (rather than the 

controlled power flows with the SOPs).  Meshing can work to increase capacity headroom for 

distributed loaded circuits, but may reduce capacity headroom for weak meshed networks with large 

point loads and heavily loaded tees.  Understanding the effects of network architecture is key to 

predicting transfers.  DPlan, which has been developed as part of the FUN-LV project, can now be 

used to predict the level of transfers and the impact of FUN-LV solutions on substation loading. 

 

2.1.2 Method 2 and Method 3 

A SOP is a PED, comprising back-to-back AC-DC converters.  The SOP allows the control of real and 

reactive power flows on connected circuits.  It can be installed in place of a normally open point or 

between separate LV circuits.  The Method 2 SOP has two terminals or ports (i.e. can connected to 

two feeders).  Dual-terminal SOPs have been installed as a piece of street furniture, in a cabinet.  The 

device can make a transfer of up to 240 kVA.  The Method 3 solution has three terminals or ports.  

The Method 3 SOPs have been installed in secondary substations, due to their physical size.  The 

device can make a transfer of up to 400 kVA.
7
      

 

The primary benefit of the SOPs is considered to be their ability to equalise transformer demand by 

making Real Power Transfers (RPT), to release capacity at heavily utilised substations.  The ability of 

the SOPs to achieve this has been assessed by comparing a period of base case data (where the 

SOP is installed but is not enabled) with a period of data when the SOP is operating in RPT mode.
8
  

The results of the analysis have been used to create rules for transformer equalisation for the CBA 

model – refer to Section 4.5 for further details.   

 

                                                      
7
 For further information on Method 2 and 3 equipment, installation and commissioning, refer to SDRC 9.4 Successful and safe 

installation, commissioning and operation of power electronics devices_v1.0 
8
 In cases where the demand at weekends is significantly different from the demand on week days, weekends (and other 

events, such as bank holidays) have been excluded from the analysis. 

http://www.smarternetworks.org/Files/Flexible_Urban_Networks_-_Low_Voltage_160509103217.pdf
http://www.smarternetworks.org/Files/Flexible_Urban_Networks_-_Low_Voltage_160509103217.pdf
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Overall the capability of the SOP to perform transformer equalisation has been clearly demonstrated.  
The maximum demand of the mostly highly utilised substation in each scheme has been reduced with 
the operation of the SOP (Table 4, Figure 8), releasing capacity at these sites.  The analysis has also 
led to the identification of improvements that could be made to the SOP control algorithm and settings, 
to further improve the performance and benefits of the devices.   

 

 SPN 2.1 LPN 2.4r LPN 2.8i SPN 3.1 LPN 3.3r LPN 3.2i 

Max utilisation 

before SOP 
82% 78% 49% 81% 77% 79% 

Max utilisation 

with SOP 
75% 50% 40% 54% 68% 67% 

% Change in 

Max Utilisation 
-7% -28% -9% -27% -9% -12% 

Ave utilisation 

before SOP 
41% 47% 30% 39% 43% 44% 

Ave utilisation 

with SOP 
40% 36% 27% 33% 39% 44% 

% Change in 

Ave utilisation 
-1% -11% -3% -6% -4% 0% 

 
Table 4. The impact of the SOP operating in RPT mode on the most heavily utilised substation in each 

scheme analysed for the case studies (with 10% deadband) 

 

Figure 8. Illustration of change in the maximum utilisation of the most highly utilised substation due to 
the FUN-LV SOPs 

The performance of the dual- and multi-terminal SOPs are summarised in more detail as follows.     

 

Dual-terminal SOPs (Method 2): 

 

 In two out of the three case study schemes, the SOPs have demonstrated excellent 

equalisation of transformer utilisation (LPN 2.4r and LPN 2.8i – see Figure 9 below and 

Section 4.3.6 of this report).  For example at LPN 2.4r Loughborough Park the difference 

between the share of group demand at the two connected substations changed from 
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approximately 80% and 20% without the SOP to 52% and 48% with the SOP.  This is shown 

in Figure 9. 

 In one case (SPN 2.1) equalisation has been limited by asset guarding for the feeder current 

and voltage at the SOP terminal. The asset guarding feature of the SOP control algorithm 

ensures that the SOP does not cause the network assets to operate outside of their operating 

limit (i.e. it is different from device and network protection).    

 

 

 

Figure 9. Substation utilisation (%) at Loughborough Park GPO depot and Loughborough Park before 
and after SOP operation in real power transfer mode (LPN 2.4r) 

Multi-terminal SOPs (Method 3): 

 

 A cautious, step by step approach has been taken to validating the equalisation and asset 

guarding functions, in order to avoid placing assets or customers at undue risk from 

undetected software or hardware issues.  

 The approach to equalisation taken in the algorithm for the field trials is to identify whether the 

utilisation at any connected substation is more than 10% different to the total utilisation
9
 of all 

connected substations, and if so to act to bring the utilisations within 10% of the total (i.e. 

there is a deadband of +/- 10% around the total utilisation).  The aim of this deadband was to 

prevent unnecessary transfers at light loading levels and to prevent hunting, which could lead 

to algorithm instability. 

 The multi-terminal SOPs analysed for the case studies all demonstrate that the equalisation 

function is working to within the 10% threshold.  However, the 10% threshold can cause 

                                                      
9
 Total utilisation is the sum of the group demand (group of connected substations) as a percentage of the sum of the group 

transformer capacity 
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significant limitations on the level of transfers being achieved and on transformer equalisation 

at times of peak demand.   

 There is potential for greater transfers and improved benefits if this threshold is tightened or 

removed. 

 The utilisation percentage threshold has been tightened at a number of trial schemes, to 

assess whether this results in higher levels of transfer, improved equalisation and increased 

capacity released, as expected.  Provided that this is sufficiently validated, the equalisation 

model approach proposed for input to the CBA model (Section 4.5) will allow the improved 

equalisation to be taken into account. 

2.2 Secondary benefits from Enhanced Modes 

The Method 1 schemes are either “on” (i.e. the CBs or LBS are closed and the scheme is meshed) or 

“off” (i.e. the CBs or LBS are open and the scheme is not meshed).  When the schemes are “on” the 

load sharing is uncontrolled.  There are no other modes of operation.  However, given the capability of 

the SOPs to fully control real and reactive power flows, the opportunity was presented to explore 

“enhanced” modes of operation.  The approach taken to achieve these enhanced modes of operation 

in the SOP control algorithm are discussed in Section 3, as well as an assessment of the algorithm 

performance in these modes.  Two of the enhanced modes, Voltage Support (VS) and Power Factor 

Support (PFS), have also been analysed for the case study schemes. 

 

The key lessons for these enhanced modes are as follows: 

 

 Overall the SOP has demonstrated that it has the capability to control and support voltage and 

power factor, and recommendations for improvement to the control algorithm have been 

identified.   

 VS mode for dual-terminal SOPs: 

o The SOP provides voltage support (e.g. reducing high volts) by making real power 

transfers – this means that the port providing the support sees an increase in voltage 

as a result.   

o The approach taken was based on the assumption that the SOPs would see a 

sufficient difference in voltage at each port to be able to provide voltage support.  The 

measurement data available from the field trials has shown a tendency for similar 

voltages at SOP ports – this makes it difficult for the SOP to provide support. For 

example at SPN 2.1 Boyce’s St the voltages at both SOP terminals are often both 

above the set threshold for voltage support, and the algorithm correctly identifies that 

it is unable to provide voltage support to both ports at the same time. 

o Voltage equalisation might be a more appropriate approach to providing voltage 

support, based on the field trials learning – this is a recommendation for the next 

iteration of the algorithm. 

 VS mode for multi-terminal SOPs: 

o The SOP correctly identifies (at the time of commencing operation) the port with the 

highest voltages, and acts to reduce the voltages at that port – the SOP has 

demonstrated an ability to control voltage. 

o Overall, the SOP has demonstrated that it can control voltages, but the consequences 

need to be understood.  Given the approach to VS taken in this version of the 

algorithm and the underlying voltages in the networks, there is no clear benefit to the 

SOP operating in this mode at the schemes analysed, particularly given the losses 

associated with the power transfers being made.   

o This is important learning from the field trials, and alternative approaches to VS, 

including a “voltage equalisation mode”, should be considered for future 

developments.   
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 VS mode in general: 

o In VS mode, significant levels of real power are being transferred (typically tens of kW, 

and sometimes over 100kW). 

o Substation voltages are not impacted, the impact is at the SOP terminals; this was 

anticipated, as the substation voltages are more influenced by the 11kV network. 

 PFS mode for dual-terminal SOPs: 

o At two of the three Method 2 case study schemes (LPN 2.8i and SPN 2.1) the SOP 

clearly demonstrates an ability to control power factor, and the power factor improves 

at both connected substations when in PFS mode. 

o In general the power factor at the substations examined was already within a good 

range of 0.9 to 1.    

 PFS for multi-terminal SOPs: 

o Two multi-terminal SOPs were trialled in PFS mode and analysed for the case 

studies.  In both cases the SOP correctly identified the port with the poorest power 

factor, provided support to that port and the power factor improved at that port. 

o However, the power factor deteriorated at the ports providing the support.  In one 

case (LPN 3.3r) the power factors at the supporting ports are still in a good range 

(greater than 0.96).  In another case (SPN 3.1) the power factor dips in the period 

analysed as low as 0.54.  Although these dips are of short duration, the performance 

of the algorithm approach needs to be investigated further.   
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3. Enhanced modes of operation of power electronics devices 

3.1 Introduction 

A control algorithm was developed for the dual- and multi-terminal SOPs by Imperial College as part of 

the FUN-LV project.  The algorithm receives inputs from:  

 

 Local measurements at the SOP terminals; and  

 Substation and feeder measurements from the remote end. 

 

The algorithm also receives inputs from the UK Power Networks control system, PowerOn, to enable 

or disable the device and select various operating modes.
10

  The algorithm determines the operational 

set point for the amount of real/reactive power import/export for each port (terminal). 

  

The primary aim of the SOP, and of the algorithm, is to perform a support function called transformer 

equalisation, to equalise demand across connected substations.  In addition, the algorithm includes a 

number of enhanced modes of operation, including: 

 

 Voltage support; 

 Power factor support; 

 Unbalance support; and 

 Autonomous mode (more than one mode selected at one time). 

 

This section of the report details both the transformer equalisation mode, as well as the enhanced 

modes of operation, of the dual- and multi-terminal SOP, based on results from the FUN-LV field trials.  

Full details are available in the report in Appendix A: Enhanced Modes of Operation.  While 

autonomous mode has been trialled, the focus of the analysis has been on understanding the 

performance of individual modes. 

3.2 SOP Algorithm 

The algorithm is designed to operate in the following modes: 

 

 Transformer equalisation; 

 Voltage support; 

 Power factor support; and 

 Unbalance support. 

 

For transformer equalisation and voltage support the SOP transfers real power from one port to 

another port. For PFS the SOP injects or absorbs reactive power. For unbalance support, the SOP 

presents a low impedance to the negative and zero sequence. 

 

The aim of transformer equalisation is to balance the transformer load according to the capacity of the 

transformer. If there are two transformers in the network and transformer 1 is operating at 50% 

utilisation and transformer 2 is operating at 100% utilisation, then the transformer equalisation 

algorithm will transfer load from transformer 2 to transformer 1 such that both transformers are within 

10% of the total utilisation of both transformers, which is 75% assuming that both transformers are 

equal in rating. 

 

                                                      
10

 For more information on the supporting communications and IT systems, refer to SDRC 9.3 Integration of IT systems 
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In VS mode, when any phase voltage at the SOP terminal is greater than the voltage threshold setting, 

the SOP will import current and act as a load in order to reduce the voltage. For a phase voltage which 

is less than the low voltage threshold setting, the SOP will export current in order to increase the 

voltage. 

 

For PFS mode, the power factor is calculated for the feeder and transformer by measuring the real 

and reactive power for these assets. The PFS function will only operate when the power factor is 

below the threshold and the reactive power is above the threshold. When there is low load on the 

transformer or feeder (P and Q are small) then the power factor may be low but there is no need for 

the SOP to support power factor. If the reactive power is leading (capacitive) then the SOP will import 

inductive reactive power. If the reactive power is lagging (inductive) then the SOP will export inductive 

reactive power. 

3.2.1 Operation of the algorithm 

Each support function has a number of associated set and reset thresholds. These thresholds allow 

the user to determine when the SOP should and should not be providing support.  When the SOP is 

first enabled, the algorithm will wait for a set threshold to be exceeded.  For example, if the upper 

voltage set threshold were set to 245V and the voltage at the SOP terminal was 246V, the upper 

voltage set threshold would be exceeded.  This is shown at T1 in Figure 10. For an upper voltage 

threshold set, the algorithm will import power in order to reduce the terminal voltage.  The algorithm 

will continue to increase the real power import until the set threshold is no longer triggered (T2 in 

Figure 10) or until the SOP has reached the maximum power output possible without causing any 

other network assets to be operating outside of their limits.  While the set threshold is not triggered, 

the output of the SOP will remain constant.  If the set threshold were to be triggered again (T3 in 

Figure 10), the SOP will continue to increase the amount of real power being imported.  The amount of 

real power being imported will be reduced when the reset threshold has been triggered (T7 in Figure 

10).  The difference between the set and reset thresholds form a dead band.  This allows the voltage 

to change without causing a change in the operation of the SOP.  

 

 
Figure 10. Diagram showing the operation principle of the algorithm;  

The algorithm receives measurements from the terminals of the SOP, the feeder at the substation and 

the transformer at the substation. Each support function has an associated threshold. If this is 

exceeded, the SOP needs to transfer power to provide support. The SOP identified if it is operating or 

in standby mode and determines if it is causing any of the assets to operate outside their limits. Each 

port determines if the port should maintain transfer, increase transfer or reduce transfer. The port also 

The voltage as measured by the SOP 

The output of the SOP in response 

to voltage measurement 
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identifies if the SOP is supporting an asset that is being used to support another port. The SOP 

controller receives the request from each port and decides if a transfer is required. 

 

The algorithm was coded in Matlab Simulink and a network model was built for the simulations.  The 

algorithm was simulated in each of the operating modes to develop and test the algorithm, prior to 

being loaded onto the SOPs.
11

   Once the algorithm had been developed and tested using 

simulations, it was run through Simulink’s Matlab Programmable Logic Controller (PLC) coder, and 

loaded onto the PLC of the SOP devices.  It then went through stages of testing at TPS’s test bench in 

Newcastle, and at the PNDC in Cumbernauld, Scotland.  The SOPs were then installed in LV 

networks in London and Brighton for the FUN-LV field trials.  

 

The SOPs have been operated in each of the support modes individually, to ascertain the 

performance of each mode in operation in networks.  The following sections of the report demonstrate 

the operation of the different SOP modes, starting with the primary mode, Transformer Equalisation 

(RPT), followed by the enhanced modes (VS, PFS and unbalance support).   

3.3 Real Power Transfer 

3.3.1 Example: LPN 2.4r Loughborough Park 

SOP LPN 2.4r is a dual-terminal SOP located on the London network at Loughborough Park. The 

base case data (i.e. the SOP is not operating) is based on days between 19 and 29 February 2016.  

 

The SOP was placed into RPT mode and the algorithm balanced the loading between the two 

transformers.  Figure 11 shows the transformer utilisation at the substation for the base case (i.e. 

when the SOP was not operating) and when the algorithm was in operation. Both presented 

utilisations are calculated averages from the daily utilisation. The substation at port A is heavily loaded 

and the substation at port B is lightly loaded. The largest difference between the substation demands 

is during the evening peak. This is shown by the blue line. 

 

When the algorithm is in operation the utilisation of the transformer at substation connected to port A 

is reduced and the utilisation of the transformer connected to port B is increased. The algorithm has 

successfully transferred real power between port A and port B and has added capacity to the heavily 

loaded transformer at the substation connected to port A. 

 

Weekends and bank holidays were omitted from the data set as these dates deviated from the 

average network demand. 
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 Simulation results are available in Appendix A: Enhanced Modes of Operation and SOP Algorithm Concept Report  
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Figure 11. Transformer utilisation at the substation for the averaged real power for the base case and 

the average real power for when the algorithm was in operation measured at the substation 

  

In transformer equalisation mode, Real Power Transfer (RPT), the algorithm calculates the utilisation 

of each transformer from the substation measurement by dividing the real power measurement by the 

rating of the transformer. The total utilisation is calculated by summing the real power of each 

substation at all ports to which the SOP is connected. For a dual-terminal SOP this is the summation 

of port A and port B. The difference between the utilisation of each Port and the total utilisation is 

calculated. The algorithm operates to ensure that the utilisation of every connected substation is 

between 5% and 10% of the total utilisation (operational deadband). Figure 12 shows the difference in 

utilisation for the base case and for when the SOP algorithm is operating. It can be seen that the 

algorithm successfully maintains the difference to be less than 10% for each port as shown by the red 

line. 

 
A positive difference indicates that the transformer utilisation at the substation is greater than the total 
utilisation and the SOP needs to reduce the utilisation of the transformer to solve the constraint. A 
negative difference indicates that the substation is lightly loaded and the algorithm should increase the 
load at the substation. 
 
 



FUN-LV SDRC 9.5 

 

  

UK Power Networks (Operations) Limited. Registered in England and Wales. Registered No. 3870728. Registered Office: Newington House, 237 Southwark Bridge Road, London, SE1 6NP Page 28 of 70 

 
Figure 12. Difference between the transformer utilisation at the substation and the total utilisation of 

Port A and Port B 
 
The action of the SOP in order to equalise the transformer utilisation is shown in Figure 13. This action 
resulted in the reduction of the difference of utilisation shown in Figure 12. As expected the output is at 
a maximum during the evening peak when the difference between the two transformers was greatest. 
 

 
Figure 13. Real power output of SOP LPN 2-4r when the algorithm was operating in real power 

transfer mode 

Other examples of SOPs operating in RPT mode are available in Appendix A. 

Reset Thresholds 

Reset Thresholds 

Set Thresholds 

Set Thresholds 
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3.3.2 Successes and recommendations for development of the algorithm in Real Power 
Transfer mode 

The cases considered for analysis have successfully demonstrated that the algorithm is able to 

equalise the transformer real power load.  The design of the algorithm is such that success is 

achieved if the SOP is able to maintain the utilisation of each transformer to less than the set threshold 

which is 10%.  The example presented here shows the equalisation to have satisfied this criterion.  

Greater equalisation could be obtained by changing the settings of the algorithm, however the 

maximum export could be limited by the terminal voltage at the SOP.  This is as intended, to prevent 

the SOP from pushing voltages over limits when exporting power (a feature called asset guarding).  

The real power across the SOP terminals is instantaneous and the total power transfer excluding SOP 

losses must equal zero.  This presents the limitation that for the SOP to reduce the load at one 

substation, the SOP must increase the load at another substation.  This could be resolved by including 

storage as part of the technology solution, however the complexity of the algorithm would increase. 

 

The SOP is able to decrease the load at one substation and increase the load at another substation. 

The limitation of RPT is that the SOP is required to export power on one or two of the ports. For the 

ports that the SOP is exporting power, the voltage at the terminal of the SOP will increase which may 

bound the maximum available support. 

3.4 Voltage Support 

3.4.1 Background 

The distribution network was historically designed to only support demand. The voltage at the 

substation is set close to the maximum statutory voltage, which for the LV network is 253V.  This is to 

ensure that the loads connected at the end of the feeder are above the minimum statutory voltage.  A 

greater voltage drop between the substation and the end of the feeder will be caused by: more load 

connected to the cable; a longer cable length; thinner conductors; phase unbalance and power factor. 

 

Connecting distributed generation to the cable typically causes the voltage to rise at the point of 

connection.  In the event that the feeder is lightly loaded and the voltage at the substation is high to 

accommodate the peak loading, then only a small amount of generation is required before the voltage 

rise due to the generation causes substation and/or feeder voltages to be greater than the statutory 

voltage limit. 

 

One solution would be to reduce the voltage at the substation. However, in the distribution network the 

taps at the 11kV to 400V transformer are either fixed or for off-line operation only and dynamic control 

is not possible.  There may be situations where one feeder connected to the transformer is heavily 

loaded and the other feeder has generation.  Reducing the voltage at the transformer will cause the 

feeder which is heavily loaded to be below the minimum voltage. 

3.4.2 Using Power Electronics to Control Voltage 

Power electronics devices can be used to address these voltage constraints within the distribution 

network. Possible beneficial devices include but are not limited to: 

 

1. SOPs 

2. Power electronic substations 

3. Feeder regulators 

4. Mid feeder compensators 

5. Point of load regulators 
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SOPs are a back-to-back power electronics device connected between two or more feeders.  Usually 

this is at the normally open point, however the SOP could be connected anywhere along the feeder or 

in a substation.  The SOP is able to transfer real power between feeders in order to balance the 

loading of the feeders or use spare capacity from one substation to support a substation which is over 

loaded.  The voltage at the terminal of the SOP is sensitive to the power transfer.  The SOP indirectly 

controls the voltage by changing the power transfer between the two sites.  However, for this to 

function correctly there needs to be a voltage differential between the two feeders which are 

connected to the terminals of the SOP. 

3.4.3 Voltage control used for FUN-LV 

As part of the FUN-LV project a control algorithm for the dual- and multi-terminal SOPs has been 

designed and developed by Project Partner Imperial College.  The control algorithm has been 

developed to include a number of different support functions.  For voltage support mode, the SOP 

uses real power transfers to support the voltage at the terminals of the SOP.  When voltage support is 

enabled and the voltage is high, the SOP increases the loading on the feeder by importing real power 

(power flow from the substation to the SOP).  Subsequently, if the voltage is low, the SOP provides 

generation to the feeder by exporting real power (power flow from the SOP to the substation).  More 

information about the operation of the algorithm is detailed in the report “SOP Algorithm Concept 

Report”.
12

  

 

When one port of the SOP is importing power, another port of the SOP must export power.  There is 

no storage available and the total power transfer, excluding losses, must sum to zero.  SOPs are able 

to support the voltage when there is a voltage differential between the different ports or if one of the 

ports is connected to a source where the voltage is not sensitive to power transfer. 

 

For more information on SOPs providing voltage control, refer to Appendix C. 

 

An example of the SOP operating in Voltage Support mode in the FUN-LV field trials is presented in 

the follow section. 

3.4.4 Example: SPN 3.3 Church Street 

SOP SPN 3.3 is a SOP located in Brighton in the substation at Church Street.  The base case and 

algorithm operation dates are from February 2016.  The SOP terminal voltage is used to trigger this 

support mode, and as such the SOP does not rely on the use of communications for the remote end 

data when operating in this mode.   

 

Figure 14 shows the voltage at the terminal of the SOP when the SOP is disabled but recording 

measurement data (base case data – blue line) and when the algorithm is operating (algorithm – red 

line). For each time step, the voltage is the average voltage of the three phases which is then 

averaged for the number of days selected from February 2016.  The voltage at the terminals of port A 

and port C is greater than the voltage at the terminals of port B.  Both voltages at port A and port C are 

greater than the set threshold (refer to Section 3.2.1 for details on set and reset thresholds).  The set 

threshold is 245V which is indicated by the middle black dotted line.  The reset is set to 240V which is 

indicated by the middle blue dotted line. 

 

Comparing the operation of the algorithm with the selected base case, there is little difference to the 
voltage on port A (this is expected since voltage support is disabled and the transformer voltage is not 
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sensitive to real power, however, there is no feature in the algorithm to calculate the voltage 
sensitivity), the algorithm has successfully reduced the voltage at port C.  However, the voltage at port 
B has been increased to the asset guarding limit. 
   

 

Figure 14. Voltage at the terminal of the SOP SPN 3.3 

 
Figure 15 shows the real power output of the SOP at SPN 3.3 that caused the change between the 
base case and when the algorithm was in operation as shown in Figure 14. The real power output is 
the sum of the three phases which is averaged over the number of days selected for study.  Port A 
and port C are both importing real power and port B is exporting real power.  The algorithm is 
attempting to support both port A and port C and using port B to balance the power transfer across the 
SOP.  This has caused the voltage at port B to increase (although the voltage at port B does not need 
to increase) and the voltage at port C to decrease (which is required to solve the constraint).  
However, the voltage at port A has not changed.  Both of these events are shown in Figure 14. 

. The effectiveness of the SOP using real power to support the voltage is dependent on the sensitivity 
of the terminal voltage to real power.  The algorithm does not take this into consideration and should 
for further development. 
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Figure 15. Power transfer of SPN 3.3 while in voltage support mode 

3.4.5 Successes and recommendations for improvement of the algorithm in VS mode 

The SOP is able to change the voltage with real power, where the sensitivity of the network allows (i.e. 
where there is a long cable).  When a set threshold is triggered at a port the SOP transfers real power 
from a port where no upper voltage set threshold is triggered (or where a lower voltage threshold is 
triggered).  As is in the example shown from 20:00 until 08:00, where the voltages are both high the 
algorithm has solved the constraint at one port at the expense of another port. 

 
The algorithm is not able to support the voltage when the voltages at both/all ports of the SOP are 
greater than the set threshold.  If one voltage at the port is greater than the set threshold (and the 
other(s) is lower), then the SOP should support that voltage.  This operation has been demonstrated 
on port C in the study presented above in Section 3.4.4.  However, once the SOP is exporting or 
importing it subsequently ignores the corresponding high voltage and low voltage set thresholds as 
shown in the field trials.  As the SOP is in operation it expects to be causing a high or low voltage and 
relies on the asset guarding limits.  The asset guarding limit for voltage prevents the SOP from 
causing the voltage to exceed the statutory limits.  This is relevant for transformer equalisation but not 
for voltage support.  A recommendation for the future is to use a voltage equalisation algorithm which 
would have provided greater benefit to the network. 
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3.5 Reactive Support (Power Factor Support) 

3.5.1 Example: SPN 2.1 Boyce’s Street  

The algorithm settings for the PFS mode were initially programmed to start reactive power 
compensation when the power factor was below 0.7 (set threshold) and to decrease support when the 
power factor was greater than 0.8 (reset threshold).  However, network power factor is generally good 
(> 0.9), and with these thresholds the reactive power support function was not triggered to operate. 
 
SOP SPN 2.1 is a SOP located in Brighton at Boyce’s Street.  The PFS settings were changed to start 
support when the power factor was below 0.95 (set) and the SOP would decrease support when the 
power factor was above 0.98 (reset).  In this example the base case is selected for 10 May 2016. 
Operation of the algorithm is selected from 2 April 2016 until 17 April 2016. 
   
Figure 16 shows the power factor of the feeder to which the SOP SPN 2.1 is connected. The power 
factor is calculated from the measurements of real power and reactive power. An improvement in 
power factor of the feeder connected to port B is clearly observable, where as there is a degradation 
of the power factor the feeder connected to port A.  

 
Figure 16. Power factor of the feeders connected to SOP SPN 2.1 

 
Figure 17 shows the power factor at the connected substations.  The substations connected to both 
port A and port B show an improvement.  The power factor is maintained between 0.95 and unity 
whereas for the base case, the power factor is less than 0.95 for a proportion of the day.  In order for 
the algorithm to improve the power factor at the substation of port A, the power factor of the feeder 
has been reduced. 
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Figure 17. Power factor of the substations connected to SOP SPN 2.1 
 

3.5.1 Successes and recommendations for improvement of the algorithm in Reactive 
Support mode 

Analysis of field trials data has shown that the algorithm improves the power factor for the dual-
terminal SOPs but not for the multi-terminal SOPs.  The reactive power flow at the multi-terminal 
schemes is low (less than 50 kvar).  The limitation of the algorithm is that it is not able to improve the 
power factor when the reactive power flow in the network is low.  The sensitivity of the algorithm 
should be improved for the next version to address this. 

 

Overall the test sites selected have shown that the SOP is able to improve the power factor. However, 

when the reactive power flows are low there is no improvement. 

3.6 Unbalance Support 

The aim of unbalance support is to present a low impedance for the negative and zero sequence.  A 

voltage unbalance is measured at the terminal of the SOP.  The negative and zero sequence voltage 

is multiplied by a gain (negative and zero sequence conductance) to generate a negative and zero 

sequence current reference which is followed by the current controller in the SOP.  The unbalanced 

current in the network causes the unbalanced voltage.  By reducing the unbalanced voltage (by 

generating an unbalanced current from the SOP), the unbalanced current in the network should by 

virtue be compensated.  Each port is able to operate independently depending on the amount of 

unbalanced voltage at the connection of the feeder to the SOP.  Unbalance support requires only local 

measurements to operate and is thus not susceptible to loss of communication events.  

3.6.1 Example: SPN 3.1 Prudential North Street. 

SOP SPN 3.1 is a multi-terminal SOP located in the substation called Prudential North Street in 

Brighton.  The SOP was placed in Unbalanced Support (US) mode and a base case was recorded 

when the SOP was disabled but recording the terminal voltages. 

 

The base case was selected for the dates between 23 April 2016 and 30 April 2016.  Operation of the 

algorithm is selected from 18 March 2016 until 17 April 2016. 
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Figure 18 shows the zero sequence voltage at the terminal of SPN 3.1.  The zero sequence voltage is 
less than the set threshold of 1V for port A and port B.  The algorithm would not have operated for 
these ports because the threshold has not been triggered.  Port C is above the threshold and when 
the algorithm is in operation, the algorithm has reduced the zero sequence voltage to less than the set 
threshold. 
 

Figure 18. Zero sequence voltage at the terminal of SOP SPN 3.1 
 
The zero sequence current from the terminals of SPN 3.1 is shown in Figure 19.  As expected, the 
SOP has generated zero sequence current in order to reduce the zero sequence voltage at port C. 
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Figure 19. Output of zero sequence current from SPN 3.1 

Figure 20 shows the difference between the maximum phase real power and the minimum phase real 
power for each of the ports on the feeder.  The expected result was that by reducing the zero 
sequence voltage, the balance of the feeder would be improved.  This has not been shown and there 
is little difference between the phase balancing between the base case and when the algorithm was in 
operation for port C.  It is noted that the phase balancing has improved for port B, although this is not 
an intentional outcome. 
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Figure 20. Difference between the maximum phase real power and the minimum phase real power at 

the feeder for SPN 3.1 
 

The aim of unbalance compensation is for the SOP to synthesise a low impedance to the negative and 
zero sequence.  However, due to controller stability and error within the sensors (a 1000 A or V sensor 
with an error of 0.01% can only resolve to 1A or 1V), the SOP is not able to generate a sufficiently low 
impedance which is less than the impedance of the transformer to the negative and zero sequence.  
The negative and zero sequence current will then divide according to the ratio of SOP and transformer 
impedance. 

3.6.2 Successes and recommendations for improvement of the algorithm in Unbalance 
Support Mode 

The trial scheme selected has shown that the SOP is able to reduce the zero sequence voltage at the 
terminal of the SOP.  However, this has not had the intended consequence of improving the phase 
balance of the feeder that the SOP is connected to.  Changes to the approach taken in the control 
algorithm are being considered.  Results from other sites were inconclusive on the effectiveness of the 
SOP controlling the zero sequence voltage. 
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3.7 Overall conclusions on enhanced modes 

This report has presented results to show the normal mode of operation (transformer equalisation) and 
the enhanced modes of operation of the SOP algorithm.  The primary aim of the SOP, and of the 
algorithm, is to perform a support function called transformer equalisation, to equalise demand across 
connected substations.  In addition, the algorithm includes a number of enhanced modes of operation, 
including: 
 

 Voltage support; 

 Power factor support; 

 Unbalance support; and 

 Autonomous mode. 
 
Transformer equalisation has been shown to be effective, however it is limited by the voltage at the 
SOP port terminals, which increases when the SOP is exporting power in order to reduce the 
transformer loading to a utilisation of 10% from the total utilisation. 
 
The SOP has been shown to change the voltage at the terminal of the SOP by exported or importing 
real power.  The current approach taken in the algorithm requires a large difference between the 
voltages at the different ports for voltage support mode to be effective.  These conditions have not 
typically been observed at the FUN-LV trial schemes that have been analysed, where the voltage is 
typically high at all ports.  It is recommended that a voltage equalisation algorithm is developed, which 
could be more effective.   
 
While the SOP has demonstrated some capacity to provide PFS, the analysis has shown limited 
results due to the reactive power flows on the network being low.  The sensitivity of the algorithm 
needs to be improved to improve the PFS for the networks. 
 
Unbalance support was shown to be able to reduce the voltage unbalance at the terminal of the SOP, 
but this did not have the effect of improving load balancing of the network. 
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4. Scheme analysis and provision of required inputs for the Cost Benefit 
Analysis 

4.1 Introduction 

In the run up to the FUN-LV Method installations during 2015, the project team considered the key 

questions that the team was aiming to answer from the field trials data, for example: 

 

 What degree of equalisation is taking place? 

 What is the utilisation of the SOPs? 

 What additional/secondary benefits are demonstrated? 

 What types of problems are being encountered (e.g. faults, operational)? 

 How well are the communications systems working (e.g. % availability)? 

 Is there any reaction from stakeholders?  If so what? 

 Are the UK Power Networks control room staff receiving the right level of information? 

 Would the project team make any changes to what is being reported from the trial schemes? 

 

These questions were used to develop a trials plan, which was a document used by the project team 

to forecast the modes of operation for each of the devices.  In the case of the Method 1 CB, this is 

simply On and Off; for the SOPs this is the primary mode of operation (RPT), and the enhanced 

modes (VS, PFS, etc.).  The objectives of the trials plan included: 

 

 From the business case point of view, understanding the levels of real power transfers (this is 

the top priority)     

 Different support modes (SOP only) should be tested individually, so that their impact can be 

assessed 

 The time that the devices are on should be maximised, whilst also incorporating time that the 

devices are Off, to recalibrate “base case” data 

 

The trials plan was reviewed during the trials period, to act as a historic record of the mode each 

device was operating in, and to take account of how the trials were progressing, and the priorities of 

obtaining data for certain sites in certain operating modes (Figure 21). 

 



FUN-LV SDRC 9.5 
 

UK Power Networks (Operations) Limited. Registered in England and Wales. Registered No. 3870728. Registered Office: Newington House, 237 Southwark Bridge Road, London, SE1 6NP     Page 40 of 70 

 

 

 

 

Figure 21. Example of the trials plan, capturing different operating modes for FUN-LV trial schemes (Method 1: On and Off, Methods 2 and 3: RPT, 

VS and US) 
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Once data started to become available from the field trials, the trials data was analysed in two key 

ways:
13

 

 

1. A set of benefit case studies were put together, based on detailed analysis for 10 FUN-LV 

sites.  This analysis included the background to the site selection, analysis of equalisation/real 

power transfers, and analysis of secondary benefits; and 

2. Analysis of equalisation for the remaining sites. 

 

From this analysis of the technical performance of the devices delivering equalisation and secondary 

benefits “rules” have been devised for input to the CBA model.  Meetings were held between Ricardo 

Energy & Environment (Ricardo), the project partner conducting the technical performance analysis, 

and Baringa Partners (Baringa), the WS4 CBA contractor, in order to discuss the progress of the 

analysis and ensure alignment between the analysis outputs and the CBA model inputs.   

 

The sites were selected for the case studies to cover the different FUN-LV Methods and network 

areas, as well as demonstrating a range of benefits (e.g. SOPs crossing Main Substation (MSS) 

boundaries).  This was to try and understand how the different Methods perform in a range of different 

situations.  The trial schemes selected for case studies are shown in Table 5. 

 

 SPN LPN radial LPN interconnected 

Method 1 
SPN 1.2 M&S 

LPN 1.7r Eastbourne 

Terrace 
LPN 1.2i Portman Close 

   LPN 1.3i Edgware Rd 112-130 

Method 2 
SPN 2.1 Boyce’s St 

LPN 2.4r 

Loughborough Park 
LPN 2.8i Portman Sq 

Method 3 SPN 3.1 Prudential North St LPN 3.3r Bushey Road LPN 3.2i Bulstrode 

Table 5. Trial schemes selected for benefits case studies  

 

A case study for each of the FUN-LV Methods is included in Appendix B.  An example of the analysis 

conducted for a Method 1 scheme and for a SOP scheme are presented in sections 4.2 and 4.3. 

4.2 Analysis of a Method 1 scheme: LPN 1.3i Edgware Road 

The key analysis for each of the case study schemes (and remaining schemes) was the analysis of 

the transformer equalisation/load sharing capabilities of the Methods.  The details of this analysis can 

be seen in the example case studies in Appendix B.  An example of the analysis for a Method 1 

scheme is presented in this section, for LPN 1.3i Edgware Rd 112-130.  The full case study is 

available in Appendix B1. 
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 Refer to FUNLV_PMD_PMO_021_SDRC 9.3 Integration of IT systems for more examples of the format of data available from 

the field trials 
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4.2.1 Site Background 

This is a FUN-LV Method 1 scheme (remote controlled CBs), connecting 34317 – Edgware Rd 112-

130 (500 kVA) with 30107 – Nutford Pl Holiday Inn (G) (500 kVA T1, 500 kVA T2) and 34314 – 

Edgware Rd 168-176 (800 kVA).  The scheme is near Paddington, in London. 

   

This Method 1 scheme connects a RES (Edgware Rd 112-130) with the neighbouring LV 

interconnected network.   

4.2.1 Rationale for Site Selection 

The site was chosen for the FUN-LV trial because of the potential for transfer with the RES.  In 

interconnected networks adjacent secondary transformers are well meshed and as a result tend to 

have similar load profiles.  However, there is significant potential for load sharing between 

transformers with different load profiles and the general network.  Some substations that only supply 

specific customers of buildings that are physically connected (through a normally open LV circuit) to 

interconnected networks may have a very different load profiles and utilisation than that of the other 

nearby substations.  These substations are known as a RES.  Previously RES were not connected to 

the neighbouring interconnected network as extended fault clearance times would occur.  The FUN-LV 

solution disconnects the RES quickly allowing traditional fusing of the interconnected substations to 

clear the fault. 

 
RES often have spare capacity and/or different load profiles to the neighbouring network, or 
occasionally are much more heavily loaded than adjacent network connected substations, and so 
connecting these to interconnected networks could provide significant opportunities for load sharing.  
Prior to the introduction of the Method 1 kit, the RES demand at Edgware Rd 112-130 was low (5 - 
15%).  Demand data (kVA) for the substations in the group prior to the operation of the Method 1 kit 
(i.e. base case data) is shown in the graph below ( 

Figure 22). 

 

  
Figure 22. LPN 1.3i Edgware Rd – base case demand data showing low demand at RES (green line) 
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4.2.2 FUN-LV Installation 

This Method 1 installation comprised replacing the Normal Open Point at Edgware Rd 112-130 

(34317) with remote controlled LV CBs.  There is no remote controlled LBS at this site.  The FUN-LV 

CBs were closed (i.e. the scheme became operational) at Edgware Rd 112-130 on 7 January 2016.   

4.2.3 How much power is being transferred through the devices? 

Unlike the SOPs, where the amount of power being transferred is controlled and measured, it is 

difficult to assess the amount of power being “transferred”.  One way to consider this is to look at the 

power at the CB when they are closed.  However, this does not always translate directly to changes in 

demand seen at substations, so needs to be treated with caution.  

  

As this is a RES scheme there is only one set of CBs at Edgware Rd 112-130.  

 

The following graph (Figure 23) shows the active power at the remote controlled CBs at Edgware Rd 

112-130.  This is based on a set of weekdays in January 2016, which have been averaged by 

temperature (all week days analysed (green), similar temperature days (purple), colder days (blue), 

warmer days (red)). 

 
On average across all of the week days considered in the analysis, the active power flows at the CBs 
range from 56 - 123 kW, with an average of 96 kW (or 62 - 129 kVA, with an average of 102 kVA).  
For comparison, the Edgware Rd 112-130 substation demand prior to meshing ranged from 21 - 64 
kVA.       
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Figure 23. LPN 1.3i Active Power at Method 1 CB Edgware Rd 112-130 

 

4.2.4 What is the transformer demand with and without the Method 1 scheme? 

After the substations have become meshed there is a clear increase in the substation demand at 
Edgware Rd 112-130 (the lightly loaded RES site, blue line in Figure 24), and a decrease in the 
demand at the other connected substations.  This can be seen in Figure 24. 
 
The group demand (the total kVA demand of all of the substations in the group) has increased after 
meshing.  This is likely to be due to an increase in voltage profiles across the group after meshing, 
which increases demand on resistive loads.   
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Figure 24. Demand (kVA) at each of the substations before and after meshing (indicated with the 
dotted line)

14
 

 

4.2.5 What is the impact on transformer utilisation and share of group demand? 

At the time of meshing (indicated in the graph below, Figure 25, with the red dotted line) there is a 
clear increase in substation utilisation at the RES (blue), from 18% to 34%.  At the other connected 
substations, the utilisation decreases. 
 

                                                      
14

 The straight line sections represent a period where data was not recorded 
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Figure 25. LPN 1.3i Substation utilisation

15
 

 

The impact of meshing on the group of substations can also be clearly seen in the graph below 
(Figure 26), which shows the share of the group demand on each transformer.  Again, the increase in 
the group share at the RES site can be seen (blue line) and the decrease in share at the other 
connected sites.   

 

Figure 26. LPN 1.3i Substation share of group demand
16
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 The straight line sections represent a period where data was not recorded 
16

 The straight line sections represent a period where data was not recorded 

Not Meshed Meshed 

Not Meshed Meshed 
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All of the connected substations, Nutford Place T1 and T2, and Edgware Rd 168-176, are 
approximately equally utilised prior to meshing, so all would represent the constraint on group 
demand, and would be the limiting factor when considering new connections.  Meshing reduces the 
utilisation at all of the connected substations, which increases the group headroom available.   

4.2.6 Summary of performance 

A summary table of the impact of the Method 1 scheme on utilisation, headroom (available capacity in 
the “group” (in this case, four) connected substations) and on peak demand in the group is shown in 
the table below (Table 6). 
 

LPN 1.3i Edgware Rd 112-130    

Background 

Site ID LPN 1.3i  

Site name Edgware Rd 

FUN-LV Method Method 1 

Network area London interconnected 

Substation A B1 B2 B3 

Name 34317 - 
Edgware Rd 

112-130 

30107 - Nutford 
Pl Holiday Inn 

(G) T1 

30107 - Nutford 
Pl Holiday Inn 

(G) T2 

34314 - 
Edgware Rd 

168-176 

Substation Rating (kVA) 500 500 500 800 

Substation 

Max demand before (kVA) 72.7 253.1 247.9 354.4 

Min demand before (kVA) 20.0 121.9 121.4 178.5 

Max demand after (kVA) 202.5 209.1 206.9 335.8 

Min demand after (kVA) 98.6 106.1 106.5 171.3 

 

Max Utilisation before (%) 15% 51% 50% 44% 

Min Utilisation before (%) 4% 24% 24% 22% 

Max Utilisation after (%) 41% 42% 41% 42% 

Min Utilisation after (%) 20% 21% 21% 21% 

Group 

Headroom before (kVA)
17

 676 

Headroom after (kVA) 875 

Headroom increase (kVA) 199 

% Headroom increase 29.5% 

Peak Load increase (kVA) 18.59 

%  Peak Load increase 1.5% 

%  Average Load increase 9% 

Table 6. LPN 1.3i Edgware Rd Summary Table 

 

                                                      
17

 For Method 1, Headroom is derived by determining the most highly utilised substation (51%), assuming the maximum 

allowable utilisation of a substation prior to reinforcement is 80%, and deriving the amount of remaining capacity in the total 

group ((80%-51%) x (500+500+500+800) = 667kVA). 
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4.2.7 What secondary benefits have been demonstrated? 

Of all of the connected substations, Edgware Road 112-130 had the highest levels of current phase 
unbalance prior to meshing.  The phase unbalance improved significantly after meshing (Figure 27).  
The current phase unbalance has also improved at the other connected substations. 

 
Figure 27. LPN 1.3i Edgware Rd 112-130 Phase unbalance (current, %)

18
 

 
The substation voltages have decreased at the RES site, Edgware Rd 112-130, and have increased at 
all other connected substations.  This relates to the observation of increased total apparent power 
demand across the group after meshing. 

 
The power factor at Edgware Rd 112-130 was at or very close to 1.00 before meshing; after meshing 
it has decreased to around 0.96 (Figure 28).  At all other connected substations the power factor 
improves after meshing.   

 

                                                      
18

 The straight line sections represent a period where data was not recorded 
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Figure 28. Power Factor at connected substations before and after meshing
19

 

4.3 Analysis of a SOP scheme: LPN 2.8i Portman Square 

 
An example of the analysis for a SOP scheme is presented in this section, for LPN 2.8i Portman 
Close.  The full case study is available in Appendix B2 and a case study for a multi-terminal SOP is 
available in Appendix B3. 

4.3.1 Site Background 

This is a FUN-LV Method 2 scheme (dual-terminal SOP), connecting 34149 – Portman Square 15 
Portman Cl (500 kVA) and 35030 – Portman Square 22 Por Htl E (750 kVA) on the LV network.  The 
scheme is in Portman Square, near Marble Arch in London. 

4.3.2 Rationale for Site Selection 

Initially the scheme at Portman Close 26-34/Baker St was recommended as a SOP site, but due to 
problems with footpath space and obstructive underground services discovered through trial holes, it 
was decided not to proceed with this site.  Instead Portman Sq 15 and Portman Sq. 22 Por Htl E were 
selected as these were the most suitable nearby sites, and also crossed a MSS boundary, giving the 
opportunity to demonstrate a key benefit of the SOPs. 
 
Transformer utilisation (%) for these two substations prior to the operation of the SOP (i.e. base case 
data) is shown in the graph below (Figure 29).   
 
 

                                                      
19

 The straight line sections represent a period where data was not recorded 

Not Meshed Meshed 
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Figure 29. LPN 2.8i Portman Square – base case utilisation data, showing potential for equalisation  

4.3.3 FUN-LV Installation 

The Method 2 SOPs are installed as pieces of street furniture.  The SOP at this site has been installed 
at Portman Square.  A photo of the installed SOP is shown below (Figure 30). 

Figure 30. Dual-terminal SOP installed at Portman Square 

 
The SOP became operational on 6 April 2016.  There are no operational incidents to report on the 
site. 
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4.3.4 How much real power is being transferred through the devices? 

The primary benefit of the SOPs their ability to equalise transformer demand by making RPT, and this 
is the focus for the initial analysis.  For this scheme, the RPT analysis is based on a period of weeks in 
April 2016.  Port A was connected to Portman Sq. 15 Portman Cl and Port B was connected to 
Portman Sq. 22 Por Htl E.  
 
The average amount of power being transferred across the SOP ports is shown in the graph below 
(Figure 31) for a period of 30 days.  As we would expect with a dual-terminal SOP, the amount of 
power being imported on one port is approximately equal to that being exported on the other (the 
difference is accounted for by measurement errors and device losses).  A clear daily transfer pattern 
can be seen, with a rapidly increasing profile after 05:00 reaching a peak of around 90kW at 14:00 
before gradually decreasing down to 0kW at around 4.30am. 

Figure 31. Real Power Transfer (RPT) in kW on Port A and Port B of the SOP 
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4.3.5 What is the transformer demand with and without equalisation? 

Figure 32 below illustrates the substations’ transformer loading before and after meshing (when the 

SOP is operational in RPT mode), based on an average of the real power at the substations.  There is 

a clear reduction in real power demand at Portman Sq 15 (Substation A), the most highly utilised 

substation, and a clear increase in real power demand at Portman Sq 22 (Substation B).   

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. Average Transformer demand before and after meshing 

4.3.6 What is the impact on transformer utilisation? 

The substation utilisation for each connected substation is shown below (Figure 33).  This graph is key 
to understanding SOP performance, as the algorithm operation is based on equalising transformer 
utilisation.    It can be seen that the SOP has improved the equalisation of the substation utilisation.  
This is an excellent example of transformer equalisation.  When the SOP is operating the utilisation at 
each transformer is typically kept within a few percent of the average utilisation. 

 

 

 

 

 

 

SS B = 750 kVA 

SS A = 500 kVA 
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Figure 33. Substation utilisation (%) at Portman Sq 15 (SS A) and Portman Sq 22 (SS B), before and 
after SOP operation 

4.3.7 Summary of Equalisation Performance 

A summary of the impact of the SOP using equalisation on headroom (available capacity in the 
“group” (in this case, two) of connected substations) and on peak demand in the group is shown in the 
table below. 

Without SOP operation With SOP operation 
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LPN 2.8i Portman Square  

Background 

Site ID LPN 2.8i 

Site name Portman Square 

FUN-LV Method Method 2 

Network area London interconnected 

Substation A B 

Name 34149 - Portman Sq. 
15 Portman Cl 

35030 - Portman Sq. 22 
Por Htl E 

Substation Rating (kVA) 500 750 

Substation 

Max demand before (kVA) 242.5 284.1 

Min demand before (kVA) 93.1 125.1 

Max demand after (kVA) 197.7 305.2 

Min demand after (kVA) 88.1 127.0 

 

Max Utilisation before (%) 49% 38% 

Min Utilisation before (%) 19% 17% 

Max Utilisation after (%) 40% 41% 

Min Utilisation after (%) 18% 17% 

Group  

Headroom before (kVA) 257.5  

Headroom after (kVA) 302.3  

Headroom increase (kVA) 44.9  

% Headroom increase 17%  

Peak Load increase (kVA) -23.6  

%  Peak Load increase -5%  

%  Average Load increase 0%  

Min SOP transfer (based on average transfer) (kW) 0  

Max SOP transfer (based on average transfer) (kW) 89.7  

 
Table 7. LPN 2.8i Portman Square Summary Table 

4.3.8 What secondary benefits have been demonstrated?  

As well as RPT mode (transformer equalisation), the SOP control algorithm has additional enhanced 

modes.  VS and PFS mode have been analysed for the case study schemes. 

 

Is voltage support taking place? 

The Portman Square SOP was placed in VS mode between 20 April 2016 at 10:45 and 25 April 2016 

at 11:45. The SOP was subsequently Off, to collect base case data for comparison.  VS mode is 

triggered when the average voltage at a Port exceeds 245 V or drops below 235 V.  When the mode is 

triggered, the SOP will try to keep voltages between this voltage range by transferring real power.     
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Figure 34 shows the average port voltages for the time that the SOP is on and in VS mode, and 

subsequently off.  During the period of time that the SOP was Off (right hand side of the graph, when 

the marker is low), the voltages at port B are higher than those at port A, and at times exceed the set 

threshold to trigger VS (245 V).   

 

When the SOP is in VS mode (left hand side of Figure 34, when the green marker is high), the 

following can be observed: 

 

 The SOP is supporting port B (trying to reduce the voltages at port B).  For much of the time, 

the average port B voltages are within the operational band (240 - 245 V), and the output of 

the SOP is being held (not increased or decreased). 

 Occasionally the port B average voltage increases above the set threshold.  On these 

occasions step changes can be seen in the SOP output (see Figure 35). 

 Significant real power transfers taking place while in VS mode (50 - 100 kW) as can be seen 

in Figure 35. 

 The overall impact on voltages at the SOP ports is small. The port B average voltage has 

decreased slightly, while the average voltage for port A increased slightly.  

 

 

Figure 34. Voltage (average of three phases) at SOP ports A and B with and without VS mode 
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Figure 35. Real power transfer (kW) when the SOP is in VS mode 

 

Is power factor support taking place? 

The Portman Square SOP was placed in PFS mode between 12 May 2016 at 16:15 and 17 May 2016 

at 23:45. The SOP was initially Off, to collect base case data for comparison.  The PFS mode is 

triggered when the reactive power at a connected substation is greater than 10 kvar and the power 

factor is less than 0.95 (this is the “set” threshold).  The SOP resets when the power factor becomes 

equal to 0.98 and reactive power at a connected substation is less than 5 kvar.  When the mode is 

triggered the SOP will try to keep the power factor above 0.95 by transferring reactive power.  

 

Figure 36 shows the power factor at the time that the SOP is initially Off and subsequently On in PFS 

mode.  During the period of time that the SOP was Off (left hand side of the graph, when the green 

marker is low), the substations connected to ports A and B are reaching power factor values lower 

than 0.95. 

 

When the SOP is in PFS mode (right hand side of Figure 36 when the green marker is high), at both 

Substations A and B the power factor is improved with the introduction of PFS mode.  The average 

power factor has improved by 1% at substation A and 2% at substation B.  
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Figure 36. Power factor at substations A and B with and without PFS mode 

 

 

4.4 Case study results 

The above analysis has been conducted for the ten case study schemes, and key performance 

measures have been summarised in a tabular form in appendix B4.  The impact of each FUN-LV 

scheme analysed for the case studies on the maximum utilisation of the most highly utilised substation 

in the group (prior to meshing) is shown in Table 8.  

Without SOP 

Operation 

With SOP 

Operation 
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Max 

utilisation 

before FUN-

LV Method 

45% 89% 48% 51% 82% 78% 49% 81% 77% 79% 

Max 

utilisation 

with FUN-LV 

Method 

37% 98% 45% 42% 75% 50% 40% 54% 68% 67% 

 
Table 8. Extract from summary of key performance for FUN-LV schemes 

In all instances apart from one (LPN 1.7r Eastbourne Terrace) the maximum utilisation of the most 

highly utilised substation in the group has been reduced with the introduction of a FUN-LV method.  

The reason for the increase in maximum utilisation at LPN 1.7r Eastbourne Terrace is discussed in 

Section 2.1.1.  With the learning from the FUN-LV field trials and the tools available as a result of the 

project, LPN 1.7r Eastbourne Terrace would not have been recommended for a FUN-LV Method 1 

solution. 

4.5 Input to CBA model  

The CBA model requires a number of inputs, including: 

 

 BAU reinforcement and Method costs (this will be detailed in SDRC 9.6) 

 Base case (or baseline) demand profiles for each of the schemes (see Section 5 of this report) 

 An indication of the performance of the FUN-LV Methods (“method effect parameters”) 

 

The method effect parameters are discussed in this section.  They have been based on the analysis of 

the performance of the FUN-LV Methods, examples of which have been presented above.   

 

In meetings between Ricardo and Baringa, the format of the method effect parameters was discussed.  

These could have been provided as a series of observed differences in substation profiles (e.g. 

substation profiles when the devices were operating).  However, it has been agreed that it is 

preferable to determine a set of simplified “rules” for each scheme, which could be applied to forecast 

profiles for future years in the CBA model. 

4.5.1 Equalisation – Rules for CBA model 

For Method 1 schemes, it has been agreed that the most appropriate format of a “rule” for equalisation 

is to provide the share of group demand percentages for each connected substation in the group when 

the scheme is meshed, based on observations in the field trials data.  This is the kVA demand at each 

substation as a percentage of the total kVA demand for all connected substations.  For example: 

 

 For LPN 1.2i Portman Close, the proposed share of group demand is as follows: 

o Substation A: 32% 

o Substation B1: 29% 

o Substation B2: 23% 
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o Substation B3: 16% 

 For SPN 1.2 M&S, the proposed share of group demand is as follows: 

o Substation A: 80% 

o Substation B: 20% 

 

The proposed rules for the Method 1 case study schemes are in the overview table (Appendix B4).  

 

For the SOP schemes (Methods 2 and 3), it has been agreed that the approach for “rules” for 

equalisation for the CBA model will be as follows: 

 

 Where good equalisation has been demonstrated (i.e. not constrained by factors such as 

asset guarding) an equalisation model has been made available.  This is based on a simplified 

version of the approach in the SOP control algorithm. 

o This approach allows improvements in benefits that could be reasonably expected to 

be taken into account, providing that this is backed up by field trial results, from 

tightening the utilisation dead band threshold from the setting of 10% that was in 

place.    

 Where equalisation has been constrained (for example, SPN 2.1 Boyce’s Street showed 
constraints due to asset guarding thresholds being triggered), the equalisation model may only 
be applied for periods of the day that have been shown to have good equalisation.  For the 
parts of the day where equalisation is constrained, an appropriate limit would be used in the 
CBA model.  

4.5.2 Secondary benefits – Rules for CBA model 

For the Method 1 schemes, the change in losses due to the FUN-LV Methods will be assessed for a 
number of schemes using DPlan.  This should capture any reduction in losses due to improvements in 
phase balancing, as well as any increase in losses due to increased total apparent power demand.   
 
As discussed in Section 2.1.1, due to the flattening of voltage profiles seen with the Method 1 
schemes, there is a potential opportunity for voltage optimisation if the schemes were to be deployed 
across a section of network.  As this is a wider (i.e. not scheme specific) benefit, it has been agreed 
that it is not appropriate to capture this in the CBA model, although it is an important learning point. 
 
For the SOP schemes (Method 2 and 3), while the SOP has demonstrated the capability to control 
voltages, the impact of the VS mode on the schemes analysed has been negligible – only small 
changes have been observed, and in some cases voltages have reduced at one port and increased at 
other(s).  As discussed, this is partly due to the underlying voltages in the network.  This is not being 
recommended to be captured as an input to the CBA model. 
 
Power factor support by the SOP schemes has been found to be have negligible impact. The power 
factor at all of the sites examined in the case studies has been very close to unity, with very low levels 
of reactive power flows (typically less than 20 kvar).   
 
The FUN LV methods have an impact on system losses. The impact has been examined by 
performing network studies on a base case scenario and comparing it to the case including a SOP at 
the time of peak power flows.  On this basis the studies have determined that: 
 

1. The losses from the SOP itself are the most significant factor, causing an increase in losses 
between the base case and the case utilising a SOP. 

2. There is a small decrease in the losses in 11kV/LV transformers when the SOP is utilised, due 
to better load sharing. 

3. There is a small increase in losses in LV lines when the SOP is utilised.  This is due to the 
higher voltage profile created.  
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It should be noted that at times of lower flows the effect on network losses will be lower than at times 

of peak use.  This is because any equalisation taking place will be of a lower magnitude, and in some 

instances no equalisation will be occurring.  

 

The field trials did not examine the ability of the SOPs to manage unbalance between phase currents.  

Consequently, the network studies have not modelled the impact on losses that reduced unbalance 

may have.  Future work should include investigation of the management of phase current unbalance.    

 

Some degree of direct SOP losses will be present whenever operating, and therefore consideration of 

how to best manage these losses should be considered in ongoing work.  

 

The CBA rule should therefore include the direct losses of the SOPs for Method 2 and 3 schemes, 

when they are operating. The effects on transformers and lines are negligible.  
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5. Provision of demand profiles and other measured analogues 
 

5.1 Demand Profile Application 

Demand profiles have been captured during the project for the purposes of understanding the impact 

of each of the FUN-LV methods. This information is a required input for the CBA activities as the 

primary benefit is capacity sharing and cost savings are attributed to deferring reinforcement, which is 

driven by peak demand. 

5.2 Methodology 

The amount of load equalisation/capacity sharing occurring in each scheme is determined from 

analysis as illustrated in the benefits case studies (see Section 4).  Using demand profiles from base 

case periods and periods of analysis for the intervention (with methods in effect), these case studies 

are quantifying the differential effect of devices on substation demand.  These effects are summarised 

in Appendix B4. 

 

In addition to the demand profiles captured in the analysis, it was necessary to have annual load 

profiles (measured in kVA) at substations under base case conditions.  These base case load profiles 

and intervention data will be incorporated into a site by site CBA model to evaluate the method effects 

on reinforcement deferral. 

 

For the majority of distribution substations in London, data is captured in the PI historian using half 

hourly data.  Accordingly, annual load profiles for LPN were exported into tables in the form of PI data 

for specific substation apparent power references (PI tags).  In SPN, historical RTU data cannot be 

captured retrospectively and therefore it was necessary to generate an equivalent baseline data for 

Brighton distribution sites using the recorded substation MDI readings as a scaling factor.  The peak 

demand from the MDI readings was applied to a representative annual load profile obtained from iHost 

data used in the Brighton trials.  This representative annual load profile was formed using iHost data 

from Black Lion St (523173).  The date of peak demand was placed by extrapolating iHost data from 

the trials and then the scaled representative annual load profile was aligned to this peak day.  

 

Base case data for SPN and LPN was extracted to cover at least the most recent 12 months before 

the FUN-LV methods came into operation: for Method 1 equipment this was up until June 2015 and for 

Method 2/3 equipment this was up until September 2015.  The demand profiles were provided to the 

WS4 contractor in spreadsheet format for integration into the CBA model.  In the next section some 

example profiles have been presented in graphical format to demonstrate typical demand variations 

encountered. 

5.3 Example graphical profiles from DNV/iHost 

 
Figure 37 below shows the base case load profile for a substation in the LPN interconnected network, 
Shaftesbury Avenue 125 (24410), which is part of the trials scheme LPN 3.1i Shaftesbury Avenue. 
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Figure 37. Load Profile for Shaftesbury Avenue 125 (24410) 

 
Figure 38 below shows the base case load profile for a substation in the LPN radial network, Shirland 
Rd Charfield Ct (30792), which is part of the trials scheme LPN 3.2r Ellwood Court.  

 

 
Figure 38. Load Profile for Shirland Rd Charfield Ct (30792) 
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Figure 39 below shows the equivalent base case load profile for a substation in the SPN network, Zion 

Gardens (30792), which is part of the trials scheme SPN 1.5 North Street Quadrant.  

 

 

 

Figure 39. Equivalent Load Profile for Zion Gardens (521523) 
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6. Other Operational Experiences 

6.1 Application of Power Electronics 

Power electronics devices consist of electronic components that are able to switch between a low 

impedance closed/on state and a high impedance open/off state.  The switching of state enables the 

current flow through the switch to be controlled.  Controlling the current flow into and out of capacitive 

components enables the control of voltage.  Diodes, thyristors and transistors are the semiconductor 

components which form the power electronic circuits. 

 

The simplest application of power electronics is a thyristor switch that is able to open and close a 

circuit.  In the FUN-LV project this is the Method 1 intelligent switch.  Power electronics can also be 

used to interface DC sources to AC networks, connect DC loads to AC networks or are devices that 

are able to control real and/or reactive power.  Typical applications include: 

 

 Connection of photovoltaic (PV) panels and wind turbine generators to networks; 

 Using power electronics to manage reactive power and network voltages; 

 HVDC lines, used for interconnectors, generation connections and sub-sea connections; and 

 Motor control through the use of motor drives and motor soft starters. 

 

The use of power electronics for generation and network management in the UK and elsewhere is 

increasing due to the increase of renewable generation, to increase the utilisation of network assets 

and to increase the controllability of the electrical network.  Power electronics has provided the ability 

to create interconnection between the UK and the rest of Europe, which has enabled generation from 

one country to be sold to another country.  The growth of distributed generation connected to the 

distribution network through the use of small-scale onshore wind farms or roof-top PV and changing 

demand from the electrification of loads (e.g. electric vehicles) require more active control at LV. 

 

Power electronic applications are being explored for use in LV distribution networks.  Example 

technologies include electronic substations and battery storage connections.  The FUN-LV project is 

exploring the use of AC-DC back-to-back converters as SOPs in LV networks to:  

 

 control real and reactive power flows;  

 utilise existing network assets by allowing adjacent substations to share capacity,  

 manage voltage at the connection of the LV feeder to the SOP, and;  

 increase the power factor at the feeder or transformer if there are a lot of reactive power flows. 

 

For most applications the primary controller is a current controller which controls the current through 

the filter inductor.  The output of the current controller is the modulation index which, once filtered, 

controls the voltage at the output of the semiconductor bridge (IGBTs for FUN-LV).  To increase the 

current, the controller will either increase the angle of the modulation index or increase the magnitude 

of the voltage at the output of the semiconductor bridge.  By placing a limiter at the input of the current 

controller, this ensures that the current reference signal (output from the secondary controller) is within 

a range which is achievable from the semiconductor components used with the semiconductor bridge.  

6.2 Fault Current 

6.2.1 Power Electronics and Fault Current 

Power electronics devices have very little thermal inertia.  During normal operation the resistance of 

the semiconductor components causes heating.  If the temperature of the semiconductor components 

exceeds the maximum rating then the device is likely to fail.  Semiconductor components have a 
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maximum current rating which is based on the maximum allowed temperature.  This is in contrast to 

other assets in use in distribution networks, such as transformers and cables, which have a 

significantly higher thermal inertia, and as such can be allowed to run above their rating for short 

periods of time (emergency ratings), which may happen in the event of a fault. 

 

If a semiconductor component is required to supply fault current, the device must be rated for the 

maximum fault current.  Fault currents in distribution networks can exceed 20 times nominal rating and 

protection devices are designed to operate when these high currents flow.  Sizing a semiconductor 

component for 20 times nominal operation would increase the cost and size of the power electronics 

device considerably.  If using semiconductor components to supply a network with conventional 

protection, the lack of available fault current from the power electronics device may cause protection 

not to operate when there is a network fault depending on the network topology.  A possible way to 

address this is to run a parallel path with in-line fuses.     

 

The output current of the power electronics device should be limited to prevent damage to the 

semiconductor component.  The response of the FUN-LV SOP to faults was tested at the PNDC, and 

the results confirm this.  A phase to earth fault was created on the terminal of the SOP and the 

response to the SOP was measured and is shown in Figure 40. The fault and measurement were part 

of the testing of the SOP at the PNDC and more information is provided in report from the PNDC: 

“UKPN-001-FR01”.
20

 

 

Figure 40: Response of the SOP to a phase A to earth fault on one of the three terminals 

 

The fault in Figure 41 is created at 13:15:53.551.  The discharge of energy from the capacitors in the 

filter component and DC bus cause the current to peak at 500A.  This is before the controllers which 

are operating at 5 kHz (0.2 ms) are able to react and control the current through the inductor in the 

filter.  There is a subsequent current transient as the controllers enter into current limit mode.  At 

13:15:53.594 (a difference of 43 ms or 215 switching cycle of the IGBTs and times periods of the 

                                                      
20

 Refer to Appendix E of FUN-LV SDRC 9.4 Successful and safe installation, commissioning and operation of power electronics 

devices 
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controller) the SOP successfully enters into current limiting mode where a small current of 

approximately 0.03 p.u. (20 Arms / 577 Arms) is injected into the network.  

6.2.2 Implications for FUN-LV SOPs 

The SOPs are not able to provide fault current and if one port of the SOP were connected to loads 

without the connection of a substation then conventional protection may not operate correctly.  The 

SOPs have a current limiting feature within the control to ensure that the output current does not 

exceed the device rating.  The operation of the current limiter is visible from the results of the PNDC 

testing shown in Figure 40.  If a SOP were to detect a fault, the device could either provide a constant 

1 p.u. fault current or disconnect the port from the feeder, which would make the feeder safe.  The 

SOPs for the FUN-LV project disconnect on the detection of a fault.  The protection in the SOP is likely 

to operate much faster than the existing consumer protection.  However, in a SOP only situation if this 

strategy is deployed, then a small fault, for example a kettle fault, is like to disconnect many 

customers.  Imperial College has a lab-based activity to explore this issue, which will be studied in the 

next stage of the project 

 

The lack of fault current contribution has the advantage that the SOP will not increase the fault current 

within networks which already exhibit a high fault current (e.g. in LPN where there are many 

interconnections and a high load density).  This also allows the SOP to be connected to feeders that 

have different fault current ratings. 

 

The conversion of AC to DC and then back to AC provides electrical isolation.  If a fault were to occur 

at the terminal of one port of a SOP in the LPN network, the fault will not propagate through the DC 

bus to the other port in the other network.  The other ports connected to the SOP are protected 

through the electrical isolation of the DC bus.  It is this that enables the SOPs to be connected across 

electrical boundaries.  

 

There is some operational experience of the SOPs responding to faults during the field trials.  A 132kV 

network fault occurred causing noticeable voltage dips at all voltage levels.  After the fault was cleared 

the voltages recovered quickly.  The SOP control and protection system sensed an under-voltage 

event and locked-out SOP operation, as designed.  The SOP needed manual intervention to restart.  

A future control system would detect that the network voltages are back to normal and instruct the 

SOP to return to service. 

6.3 Device Losses 

6.3.1 Losses in Power Electronics Devices 

Power electronics devices consist of:  

 

 Semiconductor component (e.g. IGBTs or Insulated-gate Bipolar Transistors); 

 A DC-bus; 

 A passive filter (LCL filter in the diagram below); and  

 Auxiliary devices to control the device.  

 

Each component in the power electronics device contributes to the total device losses.  These 

elements are shown in the diagram below, along with a number of sub-elements that contribute to the 

total device losses.   For a description of these losses, refer to Appendix C.   
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Figure 41. Contributions to device losses in Power Electronics Devices
21

 

6.3.2 Measuring device losses 

Power electronics losses can either be measured electrically or by measuring the calorific value of the 

heat generated by the devices.  For large devices setting up a chamber to measure the temperature 

gain could present difficulties.  The SOP losses have been measured electrically. 

 

The real power, reactive power, RMS current and RMS voltage for each phase is measured at each 

port of the SOP.  These measurements record the output of each port and can be used to calculate 

the device losses.  If the SOP device had no losses, then the summation of power from each port and 

each phase should be equal to zero.  This is because the device has no storage.  Any difference in 

power between the ports is caused by the device losses. 

 

Using the measurement information from the output of the ports does not include the losses 

associated with the ancillary supplies or the cooling supply.  Any quantisation in the port power 

measurement, if the measurement is not synchronised, adds an amount of error to the power loss.  

However, this method should be sufficient to understand how the losses change during the operation 

of the SOP.  A data logger is required to accurately measure the losses and include the losses from 

the ancillary supplies and from the cooling system. 

 

6.3.3 FUN-LV SOP losses from field trials data 

The losses of the SOP were measured on site using a data logger which recorded power for each port 

of the SOP.  The measurements were taken at the output of the SOP and included the demand from 

the ancillary systems.  For a lossless SOP, the sum of the total power from each of the three port (or 

two for the dual-terminal device) would equal zero.  In a SOP with losses, the sum of the total power 

                                                      
21

 RC = Resistor & Capacitor, LCL = Inductor, Capacitor, Inductor 

Eddy 
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from each of the ports will be equal to the device losses.  SOP LPN 3.3r at Bushey Road in London 

and SOP LPN 2.5r at Morden Road were selected as example multi-terminal and dual-terminal 

devices. 

 

A quadratic function was used to approximate the losses from the SOP which would be used for 

modelling the cost of the SOPs in the cost benefit analysis. The function  where, 

 

 : Fixed losses [kW] when On 

 : Fixed losses [kW] when Off (or Idle) 

 : Linear loss factor 

 : Quadratic loss factor 

 : The power transfer in the SOP [kW] 

Figure 42 shows the losses of SOP LPN 3.3r at Bushey Road in London.  As expected, the SOP is 

less efficient at lower power transfers, which is due to the switching losses and losses associated with 

the ancillary and cooling supplies.  The loss is expressed as a percentage of the power being imported 

(power from substation to SOP) and not as a function of the capacity of the SOP: 

 

 The loss at 50kW is approximately 25% (12.5kW), and  

 The loss at 250kW approximately 10% (25kW).  

 

 

Figure 42: Loss measurement and quadratic function expressed as a percentage of the SOP power 
transfer for a multi-terminal SOP 

 

Figure 43 shows the losses of SOP LPN 2.5r at Morden Road in London:  

 

 The loss at 50kW is approximately 15% (7.5kW), and  

 The loss at 240kW approximately 7% (18.6kW).  

The losses of the multi-terminal SOP are greater than the losses of the dual-terminal SOP for both the 

fixed losses and the losses that vary with the power transfer.  The causes of the extra losses for the 

multi-terminal SOP are the losses associated with the compressors used in the cooling system and 

the losses associated with the third port.  The multi-terminal SOP has an extra DC to AC converter, 

which increase the switching losses (fixed) and the conduction losses (variable). 
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Figure 43: Loss measurements and quadratic function expressed as a percentage of the SOP power 
transfer for a dual-terminal SOP 

6.4 Conclusions 

Power electronics devices are only able to provide a maximum current that is equal to the rating of the 

semiconductor components. These components have low thermal inertia and therefore have no fault 

current rating.  The disadvantage of the lack of fault current is also an advantage of power electronics.  

If power electronics are used to connect multiple feeders together, a fault event on one feeder will not 

pass to the other feeders since the power electronics will block the fault.  

 

Losses in power electronics can be significant and this results in a higher cost of using the device on 

the network.  The main components of the losses are the switching of the semiconductor components 

and the conduction losses.  The percentage losses as a function of power transfer is reduced as the 

SOP approaches the device rating. 
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Appendix A – Enhanced Modes of Operation 
 

Please see the separate document for this appendix, this is also available on the innovation website. 

 

Appendix B – FUN-LV Benefits Case Studies – Examples and Overview 
B1. LPN 1.3i Edgware Road 

B2. LPN 2.8i Portman Square 

B3. LPN 3.3r Bushey Road   

B4. Overview spreadsheet 

 

Please see the separate documents for this appendix, these are also available on the innovation 

website. The remaining 7 case studies are available upon request.  

 

Appendix C – Power Electronics: Fault Current and Voltage Control 
 

Please see the separate document for this appendix, this is also available on the innovation website. 
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