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1. Deliverable Scope 

The scope of this report is to present details of the key learnings from the specification, design and testing of the Power 

Electronic Devices (PEDs) developed as part of the Active Response project.  

This report is the third Active Response Project Deliverable of nine that will be submitted over the course of the project, 

as described in the Project Direction1.  The Active Response Project Deliverables have been designed to demonstrate 

clear progress towards the project objectives and disseminate valuable learnings to interested stakeholders at key 

milestones of the project. Stakeholders include Ofgem, other DNOs, customers, industry groups, professional bodies, 

academic institutions, equipment manufacturers, smart grid service providers and local authorities. Table 1 summarises 

the evidence supporting the stated objectives for Project Deliverable 3. 

Project Deliverable Evidence Supporting Evidence 

Learning from Hardware 

factory tests 

Details of the key learning from the 

hardware specification, design 

and testing process 

The key learning from the hardware specification, 

design and testing process is described in the 

following sections of this report: 

• Hardware specification: sections 5 and 6 
• SOP Design and Testing: section 7 
• SPB Design and Testing: section 8 

Table 1: Summary of Project Deliverable 3 supporting evidence 

2. Executive Summary  

2.1 Background and purpose  

At UK Power Networks, we strive to enable the uptake of Low Carbon Technologies (LCTs) at the lowest cost to 

customers. The growth of LCTs will have a significant effect on electricity distribution networks. For Distribution Network 

Operators (DNOs), the uptake of LCTs has been rapid and in the absence of developed smart solutions, significant 

reinforcement would be required – with the costs being borne by our customers.  

The Active Response project aims to demonstrate active reconfiguration of the network and the use of power electronics 

to support the growth of LCTs. The Active Response project will deliver physical smart asset solutions – also known as 

Power Electronic Devices (PEDs) – which can provide a range of benefits, including the deferral of costly network 

reinforcement by actively controlling the power flow and voltages on the LV and HV networks. This advanced optimisation 

and automation solution will be part of a larger Active Network Management (ANM) platform. 

The project will deliver nine reports – known as Project Deliverables – which capture learnings at various stages of the 

project. This report – the third deliverable for Active Response – describes the specification, design and testing process 

for the Active Response PEDs, which are the key new components that enable the Active Response solutions (see 

Figure 1). Specifically, this report gives details of: 

 The specification process for LV and HV PEDs; 

 The design process for LV and HV PEDs; 

 The testing process for LV and HV PEDs; and 

                                                      

 

1 Available at URL: https://www.ofgem.gov.uk/publications-and-updates/network-innovation-competition-project-direction-active-
response-distribution-network-constraints  

https://www.ofgem.gov.uk/publications-and-updates/network-innovation-competition-project-direction-active-response-distribution-network-constraints
https://www.ofgem.gov.uk/publications-and-updates/network-innovation-competition-project-direction-active-response-distribution-network-constraints
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 The key challenges and lessons learned in developing LV and HV PEDs. 

 

 

Figure 1: Circuit diagram of Active Response solution 

The three PEDs developed within the project are: 

 Soft Power Bridge (SPB): The SPB is designed to control power flows and voltages between two neighbouring 
electrically connected 11kV substations, bringing flexibility to the HV network and improving the utilisation of the 
existing infrastructure; 

 Two-terminal Soft Open Point (SOP): The two-terminal SOP is designed to connect two LV feeders, controlling 
power flows and voltages and bringing flexibility to the LV feeders and connected substations; and 

 Three-terminal Soft Open Point (SOP): The three-terminal SOP has the same purpose as the two-terminal 

type, but can connect LV feeders from three substations. 

The SOP and SPB devices are based on the novel silicon carbide (SiC) semiconductors, which are unproven on 
distribution networks in GB. Learnings from the previous versions of SOPs, gained in the Flexible Urban Network – Low 
Voltage (FUN-LV) project2, have been applied to the designs of the PEDs for Active Response. This is further described 
in Sections 5, 6 and 7 of this report. 

                                                      

 

2 Available at URL: https://innovation.ukpowernetworks.co.uk/projects/fun-lv/ 

https://innovation.ukpowernetworks.co.uk/projects/fun-lv/
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The approach taken for the specification, design and testing process for the SOPs and SPB is divided into phases and 

summarised in Figure 2 below. 

 

Figure 2: Specification, design and testing process undertaken for the Active Response hardware 

 Preliminary Design Phase (PDP): This phase focused on the development of system requirements. The input 
to this phase was the learning from previous experience and innovation projects; most notably the Flexible Urban 
Network – Low Voltage (FUN-LV) project, which was led by UK Power Networks and was the first project to trial 
the use of power electronics at low voltage (two-terminal and three-terminal SOP devices).  

 Critical Design Phase (CDP): In this phase, we performed the detailed design work required to develop the 
system as per the requirements. Project documents including design and test documentation were updated and 
reviewed iteratively with the project partners.  

 Final Design Phase (FDP): This phase included the functional and performance tests that verified and validated 
that the system met the requirements of the System Requirement Specification. This was the final phase of the 
design, from which the system is ready for production, and ended with the factory acceptance tests being 
witnessed by UK Power Networks.   
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In each of the three phases, design reviews were conducted by the project partners and Imperial College (one of the 

Academic Partners involved in the project). They were reviewed by power electronic experts and UK Power Networks 

to confirm it is the best design to meet the project objectives, and will be able to be installed on the UK Power Networks 

network.  

Before they could pass through the stage gates at the end of each phase, the final designs were formally reviewed by 

the Technical Design Authority (TDA), a group of experts within UK Power Networks and SP Energy Networks (SPEN). 

The TDA is responsible for reviewing all aspects of technical design and specifications for the project. It also ensures 

that the end-to-end technical design of the project methods and solutions (including the various hardware and software 

components) is suitable for the following: 

 Enabling the project to deliver to the requirements outlined in the FSP; 

 Implementation on the live network; and  

 Adoption into BaU operation.  

A number of learnings have been captured during the specification, design and testing process of the SOPs and SPB. 

The key ones are summarised in the next section. 

2.2 Key outcomes and lessons learned  

UK Power Networks recognises the importance of sharing learnings from its projects in order to ensure that DNOs in 

GB can work collaboratively to deliver solutions that support the shared objective of meeting the Net Zero target at the 

lowest cost for our customers.  

The specification, design and testing process of PEDs based on novel technologies such as SiC presented a number of 

challenges that the delivery team overcame using a collaborative and iterative approach. The key outcomes and lessons 

learned from these processes are summarised below. 

 It was confirmed that the use of SiC as a core material for PEDs, compared with PEDs made from just silicon, 
introduces advantages such as more efficient operation, reduced cooling requirements, reduced noise and 
reduced physical dimensions of the core components.  

 The devices operate with a high frequency switching (20 kHz) to reduce the audible noise and increase the 
efficiency of semiconductor devices – but this introduces higher losses for standard components, including 
inductors. These additional losses were reduced through the tailored design and development of inductors, 
which mitigated the impact on the efficiency of the entire system. 

 The testing process, which involves SiC devices, should be executed in a staged approach in order to mitigate 
the risk of redesigning components late in the design cycle, as SiC material is still not widely available on the 
international market for power system applications.   

 A modular design should be used for the development of PEDs in order to ensure maximum flexibility for testing 
and installation. This is one of the key requirements to be included in the specification of the Active Response 
devices.  

 Creating an electrical model that simulates the behaviour of PEDs during normal and abnormal operation 
provided vital insight at the early design stage and confidence in the component parameters and configuration 
before building and testing the PEDs.  

 Since the devices are operating at high switching frequency, the design of AC and DC busbars becomes 
fundamental. An innovative and bespoke design has been implemented for Active Response devices to provide 
ease of assembly and ensure uniform current distribution within the PEDs.  
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 In order to ensure that HV rated PEDs such as the SPB are safe to operate, fast-acting electronic switches are 
included in the specification, design and testing process so that components are not damaged due to high fault 
currents of 11kV networks. 

 The phase angle difference between the instantaneous voltages across normally open points (NOPs) is one of 
the most significant limitations for the specification and design of the SPB. The SPB can only operate when the 
instantaneous voltage difference across the HV NOP is <1.7kV. 

Section 9 provides more detail. 
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3. Definition of Terms 

Term Definition 

ADMS Advanced Distribution Management System 

ANM Active Network Management 

BaU Business as Usual 

CDP Critical Design Phase 

CDR Critical Design Review 

CT Current Transducer 

DNO Distribution Network Operator 

DNP3 Distributed Network Protocol 3 

DSP Digital Signal Processor 

DSR Demand Side Response 

EMC Electro-magnetic Compatibility 

EMI Electro-magnetic Interference 

EV Electric Vehicle 

FDP Final Design Phase 

FDR Final Design Review 

FEA Finite Element Analysis 

FPGA Field Programmable Gate Array 

FSP Full Submission Pro-forma 

FUN-LV Flexible Urban Networks-Low Voltage 

GB Great Britain 

HMI Human to Machine Interface 

HV High Voltage (11kV or 6.6kV within UK Power Networks licence areas) 

IO Input/ Output 

IGBT Insulated-gate Bipolar Transistor 

IP Ingress Protection 

LCT Low Carbon Technology 

LTDS Long Term Development Statement 

LV Low Voltage (400V) 

MCB Miniature Circuit Breaker 

MCCB Moulded Case Circuit Breaker 

MOSFET Metal–Oxide–Semiconductor field-effect transistor 

NIC Network Innovation Competition 

NOP Normally Open Point 

PDP Preliminary Design Phase 

PDR Preliminary Design Review 

PED Power Electronic Device 

PF Power Factor 

PLC Programmable Logic Controller 
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Term Definition 

PLECS Piecewise Linear Electrical Circuit Simulation (Tool for high-speed simulations of power electronics 

systems) 

PSU Power Supply Unit 

PWM Pulse Width Modulation 

RIIO-ED1 The first electricity distribution price control (Revenue = Incentives + Innovation + Outputs) model for 

network regulation, which runs from 2015 to 2023. 

RMU Ring Main Unit 

RTU Remote Terminal Unit 

SCADA Supervisory Control and Data Acquisition 

SiC Silicon Carbide 

SOA Safe Operating Area 

SOP Soft Open Point 

SPB Soft Power Bridge 

SPEN Scottish Power Energy Networks 

SPICE General-purpose, open-source analogue electronic circuit simulator 

SSSS Solid State Series Switch 

SULV Smart Urban Low Voltage 

TDA Technical Design Authority  

THD Total Harmonic Distortion 

TPS Turbo Power Systems 

UPS Uninterruptible Power Supply 

VT Voltage Transducer 
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4. Project Background 

4.1 Introduction to Active Response  

The growth of Low Carbon Technologies (LCTs) will have a significant effect on electricity distribution networks.  The 

Active Response project aims to demonstrate that active reconfiguration of the network with power electronics can be 

used to manage these effects.  

For Distribution Network Operators (DNOs), the uptake of LCTs has been more rapid than expected. The actual number 

of EVs registered in UK Power Networks’ three licence areas has exceeded our forecasts and by 20303 we predict there 

will be up to 3.6 million electric vehicles (EVs) across our footprint. According to National Grid’s Future Energy Scenarios 

20194, the increased uptake of EVs is expected to increase peak demand by 6GW across GB by 2030.  If no smart 

solutions are applied, significant reinforcement will be required – with the costs largely being borne by customers.  

At UK Power Networks, we strive to enable the uptake of LCTs at the lowest cost to customers. As such, we are 

developing a smart solution toolbox (presented in Figure 3) to ensure we have the right solution for each challenge 

we face. More detail on these solutions can be found on our innovation website5. 

 

Figure 3: Toolbox of UK Power Networks’ smart solutions 

                                                      

 

3 Reference: UKPN Distribution Future Energy Scenarios engaged scenario; available at URL 
https://innovation.ukpowernetworks.co.uk/2020/02/06/distribution-future-energy-scenarios/ 

4 Reference: Figure 4.24 National Grid FES 2019; available at URL http://fes.nationalgrid.com/fes-document/ 
5 URL: https://innovation.ukpowernetworks.co.uk/  

https://innovation.ukpowernetworks.co.uk/2020/02/06/distribution-future-energy-scenarios/
http://fes.nationalgrid.com/fes-document/
https://innovation.ukpowernetworks.co.uk/
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The Active Response project will deliver two physical smart asset solutions – also known as PEDs – that will provide a 

range of benefits including the deferral of costly network reinforcement. These solutions are the second-generation Low 

Voltage (LV) SOP, of which there are two types; the two-terminal unit and the three-terminal unit, which can connect 

between two and three substations respectively, and a novel High Voltage (HV) SPB. The SOP and SPB can control 

power flows and voltages on the LV and HV networks respectively without increasing fault levels. In UK Power Networks’ 

licence areas, HV refers to 11kV and 6.6kV, and LV refers to 400V.  

The project will also deliver an advanced optimisation and automation software solution that can deliver benefits over 

a wide area if the enabling technologies are in place. This advanced automation and optimisation system will be 

developed within UK Power Networks’ strategic Active Network Management (ANM) platform, and fully integrated with 

the existing Advanced Distribution Management System (ADMS) and Supervisory Control and Data Acquisition 

(SCADA) infrastructure. In order to maximise network capacity, the advanced software solution will optimise the network 

configuration through moving NOPs and by actively controlling the behaviour of the SOPs and SPB in response to 

network changes.  

Active Response is a UK Power Networks led project, funded through Ofgem’s Network Innovation Competition (NIC) 

funding mechanism. The project started in January 2018 and will be completed in March 2022.  If proven successful, 

Active Response could save customers across GB £271m in reinforcement costs – approximately £9.34 from every 

customer’s bill – by 2030. As well as reducing reinforcement costs, the project aims to help alleviate overloading 

on circuits; this in turn aims to reduce Customer Interruptions (CI) and Customer Minutes Lost (CML), which are key 

parameters for measuring the frequency and duration of power cuts experienced by customers.  

Active Response builds on the learnings from several completed and ongoing innovation projects. These include the UK 

Power Networks led Flexible Urban Networks-Low Voltage (FUN-LV) and Smart Urban Low Voltage (SULV) Networks 

projects, which successfully demonstrated the application of first generation PEDs on LV networks. Among the ongoing 

projects, UK Power Networks is an active partner on the SPEN led LV Engine NIC project. 

 

4.2 DNO collaboration and project partners 

Active Response is a collaborative UK Power Networks led project with partners SP Energy Networks (SPEN), Turbo 

Power Systems (TPS), CGI, and Ricardo Energy & Environment. The roles of the project partners are described below. 

 

DNO partner supporting the Technical Design Authority (TDA) and knowledge 
dissemination activities. SPEN brings the expertise of operating and managing a 
distribution network in different geographical areas, advising on the applicability of the 
solution in a different distribution network. 

Lead DNO on the LV Engine project, which is trialling a different type of PED in its 
network: a solid-state transformer. UK Power Networks is the DNO partner on LV 
Engine. 

 

Lead hardware manufacturer with responsibility for the design, development, manufacture 
and testing of the SOPs and the SPB. 

TPS is also the lead for workstream 1 “Hardware Development and Deployment”. 
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Responsible for updating UK Power Networks’ planning tool, DPlan, to include the Active 
Response methods and solutions. 

Providing advice related to information technology and operational technology architecture, 
data preparation for project trials and contribution to knowledge dissemination. 

 

Lead consultant supporting all workstreams and leading workstreams 3 “Project planning, 
trials and analysis” and 4 “Learning and dissemination”. 

Providing expertise in network design and operation, power electronics, project management, 
data analysis, and reporting for trials. 

By partnering with SPEN we can ensure that the methods, once proven, are deployable in at least five of the 14 GB 

licence areas and hence wide applicability is highly likely. 

4.3 Active Response Methods and Solutions 

Active Response is based on two key methods, called Network Optimise and Primary Connect (see Figure 4). 

Figure 4: Summary of the two project methods 

Active Response combines Network Optimise (which comprises three solutions) with Primary Connect, as shown in 

Figure 5. 

 

Figure 5: Solutions and methods to be trialled in Active Response 

Network Optimise

Optimisation and automatic 
reconfiguration of HV and LV networks 
in combination using remote controlled 

switches and Soft Open Points

Primary Connect

Controlled transfers between Primary 
Substations using a Soft Power Bridge to 

share load and optimise capacity
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While the Active HV and Active LV solutions will demonstrate the remote switching capabilities of the Active Response 

software engine, the Secondary Connect solution will trial SOPs to manage load transfer between LV feeders and 

support the LV voltage. The Network Optimise method will develop and deploy two types of SOPs: the two-terminal type, 

installed as street furniture, and the three-terminal type, installed within a secondary substation. Previous versions of 

SOPs were trialled successfully in the FUN-LV project, providing valuable learning that has incorporated and applied to 

the latest versions developed for Active Response.  

The Primary Connect method will use the novel SPB device for bi-directional transfer of load between 11kV substations 

or feeders to relieve potential capacity constraints. More detailed descriptions of the PEDs are provided in Section 4.4 

of this document. Figure 6 depicts the electrical connectivity schematic of these devices.  

 

 

Figure 6: Circuit diagram of Active Response solution 
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If successful, the methods and solutions shown in Figure 5 will be incorporated into UK Power Networks’ business 

processes as part of the planning teams’ toolbox of potential solutions to address network constraints. The planning 

process is shown conceptually in Figure 7, with potential solutions ranked by cost in ascending order (from bottom to 

top).  

 

Figure 7: The future toolbox of planning process potential solutions to address network constraints 

Further detail on the methods and solutions is provided in the project storyboard, which is available on UK Power 

Networks’ Innovation website6.  

4.4 Active Response Hardware 

Hardware equipment used in the Active Response methods and solutions is introduced briefly in this section.  

The three PEDs being developed and demonstrated by the project are: 

 Soft Power Bridge (SPB): This is designed to control power flows and voltages between two neighbouring 

electrically connected 11kV substations, bringing flexibility to the HV network and improving the utilisation of the 
existing infrastructure; 

 Two-terminal Soft Open Point (SOP): This is designed to connect two LV feeders, controlling power flows and 

voltages and bringing flexibility to the LV feeders and connected substations; and 

 Three-terminal Soft Open Point (SOP): This has the same purpose as the two-terminal type, but can connect 
LV feeders from three substations. 

                                                      

 

6 URL: https://innovation.ukpowernetworks.co.uk/projects/active-response/ 

https://innovation.ukpowernetworks.co.uk/projects/active-response/
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The SOP and SPB devices are new designs using novel SiC semiconductors, which are unproven on distribution 

networks in GB.  The primary purpose of the PEDs is to provide controlled transfer of power between substations, 

allowing operational flexibility and optimisation. In addition, the SOPs have other potential functions, including reactive 

power support, voltage equalisation, voltage support, power factor (PF) correction and improvement, loss reduction, 

phase imbalance improvement, harmonic content improvement, and fault ride through capability. These functions are 

further discussed in Section 6 of this report. 

In addition to the PEDs, the project also involves the following hardware equipment:  

 11kV Ring Main Units (RMUs): These are typically installed in secondary substations and have two HV 
terminals connected in series with other RMUs or the primary substation busbars. They also have a third terminal 
that feeds the LV network through a transformer, as shown in Figure 8. Open points between secondary 
substations are moved by closing and opening the switches in the RMUs. In traditional distribution networks, 
RMU switches are manually actuated and are therefore not opened and closed during normal operation. The 
Active HV solution in Figure 6 requires RMUs to be remotely actuated in response to instructions from the 
advanced automation and optimisation system, so that the HV networks can be reconfigured automatically as 
feeder loading changes.  

 

Figure 8: Photograph and simplified diagram of a ring main unit  

 Link box switches and ancillary functions: These allow LV networks to be reconfigured. At present, link 
boxes are operated manually to isolate faults and restore power to LV customers. The Active LV solution involves 
new devices within link boxes that enable remote switching in order to reconfigure LV networks, optimise the 
power flow and distribute loads between secondary substations to release spare capacity. In addition, the link 
box switches require new monitoring capabilities to measure power flows, which are used as feedback for the 
ANM optimisation algorithms. The link box switch will operate as part of the network and is expected to be able 
to break fault current, which can be very high for meshed networks. During the project it was identified that 
currently available devices such as link box switches and LV circuit breakers were not able to satisfy the Active 
Response requirements, so novel devices are now being developed to enable the required functionality. The 
ancillary functions of these new devices include the additional monitoring and protection capability to ensure 
system security and reliability are preserved with the increased automation and control.  

 LV circuit breakers and ancillary functions: These are located on the busbars of the outgoing LV circuits 
within secondary substations. To enable the full functionality of the Active LV solution, LV circuit breakers need 
to be operated remotely in tandem with the link box switches to reconfigure the network. The project team 
identified a set of upgrades required for LV circuit breakers, including remote operation and reverse power flow 
protection. The LV circuit breaker manufacturer has been contracted to develop the circuit breakers to meet the 
Active Response specifications.  
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4.5 Research Packages 

Active Response has commissioned two research packages that relate to the development and application of hardware 

in the project: 

 Research package 1 (Power Electronic Device Design Review): Imperial College London was selected as 
the Research Partner for research package 1 after a competitive bidding process. The Research Partner is 
responsible for reviewing the designs of the two types of SOP as well as the SPB. In addition, the partner will 
review the results from the performance tests and online trials to assess performance against the design 
specifications. This independent design review will ensure that the devices are designed according to the current 
state of the art, increasing confidence in wider scalability and rollout across all GB DNOs following the completion 
of the project. 

 Research package 3 (Conventional Network Equipment Impact Study): We have procured the Academic 

Research Partner for research package 3 after a competitive bidding process. The Research Partner is 
responsible for investigating the degradation process, failure modes and other relevant factors of the RMUs, LV 
circuit breakers and link box switches to determine how the operational limitations of these devices will affect 
Active Response methods and solutions. In addition, the Research Partner will analyse the impact on safety and 
risks based on the changes to daily operating practices and procedures introduced by the increased active 
network control and will make recommendations should additional safety procedures be required. Research 
packages 2 and 4 are investigating the Information Communication Technology and Software, and the 
application of the project technology, respectively.  These research packages are not directly related to the 
hardware. 
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5. Hardware Specification, Design and Testing Process 

The approach taken for the specification, design and testing process of the SOPs and SPB is summarised in Figure 9 

below.  

Figure 9: The specification, design and testing process undertaken for the Active Response hardware  

The process was broken up into three main phases: 

 Preliminary Design Phase (PDP): This phase focused on the development of system requirements, which 
were subsequently captured in the System Requirement Specification document. Preliminary design work was 
required at this stage to determine how the requirements shall be satisfied. The initial design and testing 
documents were therefore developed in the PDP. The input to this phase was the learning from previous 
experience and innovation projects; most notably the FUN-LV project, which was led by UK Power Networks 
and was the first project to trial the use of power electronics at low voltage (two-terminal and three-terminal SOP 
devices). This phase ended in the Preliminary Design Review (PDR), which acted as a stage gate; progression 
was only possible once the requirements, design and testing had been successfully achieved. This required 
iteration of activities in the PDP with review and feedback from the project partners.  

 Critical Design Phase (CDP): This phase built on the PDP and performed the detailed design work required to 
develop the system as per the requirements. Project documents including design and test documentation were 
updated and reviewed iteratively with the project partners. This phase ended in the Critical Design Review 
(CDR), which acted as a stage gate; progression was only possible once the requirements, design and testing 
had been successfully achieved.  

 Final Design Phase (FDP): This phase built on the CDP and included the functional and performance tests that 
verified and validated that the system met the requirements of the System Requirement Specification. This was 
the final phase of the design, from which the system is ready for production. Therefore, the Final Design Review 
(FDR) could only be passed if all testing had been successful and the design had been proven to meet the 
requirements defined in the design process. As for the preceding phases, activities in the FDP were iterated with 
input from the project partners until the system was suitable to pass the FDR.   

The design process moves on to the next phase (or on to the production phase) only if the formal review process is 

passed. This is illustrated in Figure 10.  

Before they can pass through the formal review gate at the end of each phase, the final designs are formally reviewed 

by the TDA, a group of experts within UK Power Networks as well as SPEN engineers. The TDA is responsible for 

reviewing all aspects of technical design and specifications for the project. It also ensures that the end-to-end technical 
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design of the project methods and solutions (including the various hardware and software components) is suitable for 

the following: 

 Enabling the project to deliver to the requirements outlined in the FSP; 

 Implementation on the live network; and 

 Adoption into BaU operation.  

The TDA is independent of the project delivery functions to ensure impartiality and assurance. TDA members from UK 

Power Networks’ Engineering Standards, Health & Safety, Smart Grid, and Control Systems & Automation teams were 

involved in the specification, design and testing of the PEDs as required. 

In each of the three phases, design reviews are conducted by project partners and Imperial College London (the 

Research Partner for research package 1). The design review process includes iterative development of documentation, 

testing and revisions to the design. Progression to the next stage of development is not dependent on acceptance from 

Imperial College, however where possible the findings from Imperial College are included in the next iteration of design.  

  

Figure 10: Design process flow diagram 

The initial design for Active Response PEDs was developed in the PDP stage, with the design being finalised and tested 

in the FDP stage. The design process was structured on three main levels:  

 Component level – This refers to the individual components that make up the device, each of which needs to 

be specified, procured and tested in its own right; 

 Module level – The modules are the major subsystems that make up the device; each one has many 
components. Each module needs to be designed and tested, with the added complexity of ensuring all of the 
components function effectively together; and 
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 System level – The system refers to the device as a whole, which is made up of modules working together. 
This system must operate as a whole and meet the overall requirements set out in the device specification. 
System level tests are used for the FAT. 

Each component, module or system is associated with a design and testing process, which is iterated throughout the 

three design phases until the system design is finalised and the FATs are passed. This is illustrated in Figure 11. 

.  

Figure 11: PED design and testing process for the component, module and system level designs 

The testing that is performed at each stage is summarised in Figure 12. The design of the PEDs followed the process 

shown in Figure 13 with component, module and system specification, design and testing spread over the PDP, CDP 

and FDP, ending in FAT at the end of the FDP. 
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Figure 13: The process followed during the PEDs design 

  

Figure 12: Summary of testing undertaken at each PED design and testing level 
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6. Specification of Power Electronic Devices for Grid Application at LV and HV 

The design requirements and specification of the Active Response PEDs (SOPs and SPB) were developed during the 

PDP through iteration between project partners. The design and specification of the PEDs’ components continually 

evolved as learning was gathered over the design lifecycle; the final design was fixed after the FDR.   

The specification of the Active Response PEDs was developed over time. The initial concept designs were presented 

during the bidding process and production of the FSP. Active Response is an innovation project and the PEDs are novel 

devices, therefore at the start of the project it was not known how to design the devices. As the project progressed, more 

details were added to the specification documents though an iterative process which was supported by the completion 

of initial design concepts, modelling and preliminary testing.  

Key design decisions throughout the project influenced the specifications, which were evaluated at the stage gate review 

at the end of the PDP, CDP and FDP. For example, between the PDP and the CDP a decision about making the SPB 

solution modular was made, allowing the isolation transformer to be situated outside of the main SPB enclosure. 

Active Response based all hardware design requirements and specifications on five fundamental elements: 

 Review of safety, electro-magnetic compatibility (EMC) and power quality standards 

o Minimum specifications provided for components  

o Informed validation tests and factory acceptance tests (FATs) 

 Safety requirements during normal operation and following a fault 

 Preliminary hazards analysis 

o Provided confidence potential failures had been considered 

o Potential hazards when building, operating and testing the devices identified  

o Ensures the detailed design is safe and complies with IEC 62477 

 EMC control plan, including power quality requirements 

o Ensured all types of electro-magnetic interference (EMI) had been considered 

o Assessed industry standards to provide guidelines for component specification and design 

 Lessons learnt from FUN-LV 

This section provides further details of these five fundamental elements.   

6.1 Relevant standards 

Table 2 lists the relevant industry standards that have been considered, in part or in full, to inform hardware specification 

and design of the project.  

PED Devices Number Description 

SPB & SOP BS EN 50160  Voltage Characteristics in Public Distribution Systems 

SOP BS EN 50178:1998 Electronic equipment for use in power installations 

SPB & SOP BS EN 60529: 1992 Specification for degree of protection provided by enclosures 
(Ingress Protection (IP) code) 

SOP BS EN 61439-5 Low-voltage switchgear and control gear assemblies – Part 5: 
Requirements for assemblies for power distribution in public 
networks 
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PED Devices Number Description 

SPB & SOP BS EN ISO 14001 Environmental management systems – specification with guidance 
for use 

SPB & SOP BS EN ISO 9001 Management and Quality Assurance Standards 

SPB & SOP DECC Power Lines: Demonstrating compliance with EMF public exposure 
guidelines – a voluntary Code of Practice – March 2012 

SPB EDS 02-0027 11KV Triplex cables ratings 

SOP EDS 05-4001 Fuse ratings at distribution stations 

SPB & SOP EN 61000-4-11 Voltage Surges, Dips and interruptions 

SPB & SOP EN 61000-4-2 Electrostatic Discharge 

SPB & SOP EN 61000-4-3 Testing – Radiated Electromagnetic Field Immunity 

SPB & SOP EN 61000-4-4 Transient Burst immunity 

SPB & SOP EN 61000-4-5 Surge Immunity 

SPB & SOP EN 61000-4-6 Conducted Immunity 

SPB & SOP EN 61000-6-4 Conducted Emissions 

SPB & SOP EN 61000-6-4 Radiated Emissions 

SPB & SOP ENA ER G5/4-1 Planning levels for harmonic voltage distortion and the connection of 
non-linear equipment to transmission systems and distribution 
networks in the UK – October 2005 

SPB ENA TS 41-36 Switchgear for services up to 36kV (cable and overhead conductor 
connected) 

SPB & SOP ENA TS 48-5 Environmental test requirements for protection and control 
equipment and systems 

SPB & SOP ENA TS 50-18 Application of Ancillary Electrical Equipment 

SPB & SOP IEC 60076-10 Power Transformers, Part 10: Determination of Sound Level 

SPB & SOP IEC 61000-2-12 Compatibility levels for low-frequency conducted disturbances and 
signalling in public medium-voltage power supply systems 

SPB IEC 61000-3-6 Electromagnetic compatibility (EMC) – Part 3-6: Limits – 
Assessment of emission limits for the connection of distorting 
installations to LV, HV and EHV power systems 

SPB & SOP IEC 61000-4-13 Harmonics and interharmonics including mains signalling at AC 
power port, low frequency immunity tests 

SPB & SOP IEC 62477-1 Safety requirements for power electronic converter systems and 
equipment – Part 1: General 

SPB IEC 62477-2 Safety requirements for power electronic converter systems and 
equipment – Part 2: Power electronic converters from 1 000 V AC or 
1 500 V DC up to 36 kV AC or 54 kV DC 

SPB & SOP Ofgem Low Carbon Networks Fund Governance Document v.6 

SPB OP3-1 TPS Software Management 

SPB & SOP UK Power 
Networks DSR 

Distribution Safety Rules Summer 2016 Edition 

SPB UKPN EDS 06-0001 Earthing Standard V4.0 

SOP  EDS 02-0960 LV waveform mains cables 

SOP  EDS 02-0033 LV waveform mains cables ratings 

Table 2: Standards that have been considered in part or in full within the specification and design of the Active Response PEDs 
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6.2 Lessons from FUN-LV 

The requirements and specification of the Active Response hardware built on the learnings generated by the FUN-LV 

project7.  

We believe that FUN-LV was the first DNO project to trial the use of power electronics at LV, designing two-terminal and 

three-terminal SOP devices (shown in Figure 14). The two terminal SOP was designed to be installed as street furniture, 

across the boundary of the LV NOP, and had a power transfer capability of 240kVA. The three-terminal SOP was 

designed to have a power transfer capability of 400kVA and to be located inside LV substations with one terminal directly 

connected to the busbar and the other two terminals connected to two other substations. 

 

Figure 14: Photo of the two SOP devices designed and installed for FUN-LV 

The FUN-LV SOPs were designed to operate in a distribution network with the parameters specified in Table 3. 

Parameter Value 

Frequency 49.5 Hz to 50.5 Hz 

Phases Three phase unbalanced network 

Voltage range 216.2V to 253V (230V -6% +10%) 

Expected network power factor +-0.7 

Expected harmonic content G5/4 

Table 3: Network parameters for FUN-LV SOPs 

FUN-LV generated a significant amount of learning that has been documented in various project reports. With an aim to 

learn from all previous and current projects, Active Response extracted the key transferable features and adapted them 

to inform its SOP specification, as outlined below.  

 Unit size:  

o The two-terminal SOP measured 1600 mm (H) by 1200 mm (W) by 800 mm (D). Given the relatively 
large size, it proved challenging to find suitable locations on pavements. The three-terminal SOP could 

                                                      

 

7 URL: https://innovation.ukpowernetworks.co.uk/wp-content/uploads/2019/06/FUN-LV-Closedown-report_V1.0.pdf 

https://innovation.ukpowernetworks.co.uk/wp-content/uploads/2019/06/FUN-LV-Closedown-report_V1.0.pdf
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be split into four cubicles; three of the four cubicles measured 2000 mm (H) by 800 mm (W) by 500 mm 
(D) and the remaining cubicle measured 2000 mm (H) by 400 mm (W) by 500 mm (D). This size of 
cabinet was difficult to install in substations with constrained access, and there were not many LV 
substations able to accommodate the unit.  

o The Active Response SOPs should be slimmer (of a reduced depth) to make them more suitable for 
installation in a wide variety of settings, particularly on streets and LV substations. The volume of the 
SOP enclosures may still be similar due to the hardware used and thermal constraints.  

 Audible noise:  

o The FUN-LV trials experienced issues with audible noise from SOPs, in particular those located in the 
street near residential areas.  

o The audible acoustic target for Active Response SOPs was set to 56dB(A) at 5m, in line with the 
requirements for power transformers. To achieve this, the Active Response equipment is required to 
operate with a switching frequency above 20 kHz (the upper limit of human hearing) instead of the 5 
kHz of the FUN-LV equipment. 

 Increased efficiency:  

o The three-terminal SOP in FUN-LV could vent up to 20kW of heat and required active water cooling. 
This provided challenges in terms of thermal management within substations, which can already be too 
warm. Some of the three-terminal SOPs were situated inside basements with little access to vent the 
exhaust heat. The two-terminal SOPs were not able to operate at full capacity for long durations as the 
forced air cooling system could not remove the heat generated from the inductors and semiconductor 
devices.  

o Active Response shall increase the efficiency of the SOPs to reduce the heat output and the dependency 
on the cooling system. 

 Ride through capability:  

o For FUN-LV, the SOPs had not previously been installed on distribution networks and therefore 
conservative protection settings were used, resulting in frequent tripping of these devices. The SOPs 
would attempt to reconnect to the network when the voltages returned to normal and after the fifth trip 
event they would require manual resetting. This could only happen locally and would require a field 
engineer to visit the site. 

o Active Response shall increase the SOPs’ ride through capability to reduce the number of disconnection 
events and the number of visits required for a manual reset. 

 Harmonic content improvement:  

o The SOPs could be used to provide harmonic compensation to the grid. The FUN-LV project looked at 
the benefits of harmonic compensation and how this could be achieved, but did not test the functionality 
in the live trial.  

o Active Response potentially aims to demonstrate harmonic compensation up to the seventh harmonic.  

 Access:  

o The two-terminal SOP in FUN-LV required access to three of the four sides of the device. This proved 
challenging in terms of finding a suitable location where both long sides (1200 mm) could be accessible 
whilst leaving pedestrian access on the pavement.  

o For Active Response, the two-terminal SOP shall only require access to the front of the enclosure. The 
three-terminal SOP shall only require access to the front and sides. 



Active Response  
Project Deliverable 3 – Learning from Hardware Factory Tests 

 

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 25 of 84 

 EMC Susceptibility:  

o During the FUN-LV trial it was observed that several PED units were suffering from phantom emergency 
stop signals. Upon investigation, it was discovered that the relay units within the PED cabinets were 
susceptible to noise. A bypass capacitor was fitted into the relay to direct high frequency current away 
from the relay coil. The emergency stop input circuit on the control card was also modified, to reduce 
the risk of high frequency tripping.  

o Active Response incorporated the FUN-LV changes at the start of the design and there was additional 
consideration for EMC requirements during the PDP. 

The approach to design adaption and learning incorporation is captured in section 7.1.  
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6.3 Summary of key functions and requirements 

Table 4 compares some of the key design requirements of the Active Response PEDs.   

 Two-terminal SOP Three-terminal SOP SPB 

Location within 

the network Designed to be placed as street 

furniture across a NOP, within 

the LV network. 

Designed to be placed inside 

an LV substation, with one 

terminal connected to the LV 

board. This includes LV-only 

substations, with no 

transformer onsite. 

Designed to be placed 

within the HV network, at a 

NOP. 

Grid Voltage 
230Vrms +10%/-6% 11kVrms +6%/-6%  

Power Rating 

(i.e. the power 

transfer capability 

of each inverter 

between the 

internal DC link 

and the network) 

240kVA 

The transfer capacity is limited 

by the rating of the existing 

cables. This rating is set to 

provide significant useful 

transfer capacity within this 

setting.  

 

400kVA  

Rated to allow each of the 

terminals to be able to import 

or export up to 200kVA from 

both of the other two 

terminals.  

5MVA 

The transfer capacity is 

limited by the rating of the 

existing cables. This rating 

is set to provide significant 

useful transfer capacity 

within this setting.  

Current Rating 

(i.e. the maximum 

current which can 

be exported into 

the network) 

350A rms 

The current rating is limited by 

the current capacity of the 

existing connected cables on 

the LV network. 

580A rms 

Rated to allow each of the 

terminals to be able to import 

or export up to 290A rms from 

both of the other two 

terminals. 

 

350A rms 

The current rating is limited 

by the current capacity of 

the connected cables on the 

HV network. This is the 

same as the two-terminal 

SOP but allows significantly 

higher power transfer 

capability because the SPB 

is operating on the HV 

network. 

Fault Ride 

Through Where there is a voltage disturbance, the unit must be able to 

remain operational for a certain period to allow short-term faults 

to be cleared. After this period it is assumed that a permanent 

fault has occurred and the unit safely disconnects.  

The settings are:  

 Where the voltage is <160Vrms, the unit will cut out in >20ms 

 Where the voltage is <184Vrms, the unit will cut out in >0.5s 

 Where the voltage is <205Vrms, the unit will cut out in >10s 

SPB will limit the current and 

immediately open the Series 

Solid-State Switch when 

there is an 11kV fault.  

The current limit will be 

350Arms unless SPB 
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 Two-terminal SOP Three-terminal SOP SPB 

The power carrying capacity of the SOP will be adjusted to 

remain within current carrying limits.  

maximum working voltage is 

exceeded 

Target Size and 

weight 2.3m (W) x 1.7m (H) x 0.5m (D) 

1,100kg 

Determined by the need to 

locate them on the street, as 

street furniture. Minimising the 

depth of the enclosure enables 

more options for location.  

2.6m (W) x 2m (H) x 0.6m (D) 

1,650 kg 

Determined by the 

requirements to have them 

located within LV substations. 

 

6m (W) x 2.2m (H) x 2m (D)  

6,000 kg 

Determined by the 

requirements to have them 

located within HV 

substations.  

Enclosure 

requirements The device is contained in a 

single enclosure, and bottom 

cable entry. This is the most 

robust design for a unit within 

the public domain.  

Access is required from the 

front, via the enclosure’s door, 

and the top for maintenance. 

Ingress Protection (IP) Rating: 

IP56 

The device is contained in a 

modular enclosure to aid 

delivery and installation in the 

substation. The modules will 

be sized to fit through a 2m 

high doorway. The enclosure 

is designed for top entry 

cables. 

Access is required to one 

side for maintenance. 

IP Rating: IP41 

The device enclosure is 

designed for bottom entry 

cables, and to be situated 

inside a building.  

Access is required to all 

sides for maintenance. 

IP Rating: IP41 

Noise 
The audible acoustic target was set to 56dB(A), at 5m, in line with the requirements for power 

transformers. To achieve this, the equipment was designed to operate with a switching 

frequency above 20 kHz, which is the upper limit of human hearing.   

Cooling 
Natural air cooling system with 

forced air cooling for peak 

current only.  

Heat removal capacity: 

~5.5kW 

Forced air cooling system. 

Heat removal capacity: 

~12kW 

De-ionised water/glycol 

cooling system. 

Heat removal capacity: 

~50kW 

Operation under 

communication 

failure 

Under normal conditions, the PEDs will only follow instructions from a local Remote Terminal 

Unit (RTU).  

Under communications failure between the RTU and the ANM system, the PEDs will continue 

to follow any future set-point signals already issued by the ANM. Once there are no more 

future set-points in the buffer, the RTU will decide if the PEDs should shut down or enter into 
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 Two-terminal SOP Three-terminal SOP SPB 

voltage support mode. Further detail about the software solution can be found in Active 

Response Deliverable 1: High-Level Design Specification of Advanced Automation Solution8.  

Table 4: A summary of the key design requirements of the Active Response PEDs 

  

                                                      

 

8 URL: https://innovation.ukpowernetworks.co.uk/wp-content/uploads/2019/05/Active-Response-Project-Deliverable-1-Report.pdf 

https://innovation.ukpowernetworks.co.uk/wp-content/uploads/2019/05/Active-Response-Project-Deliverable-1-Report.pdf
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7. Soft Open Point (SOP) 

This section details the learning from FUN-LV that is applicable to the design of the SOPs, as well as the modelling that 

aided the design.  It also describes the component, module and system design and testing for the SOPs.  

7.1 Learning from FUN-LV 

The design of the SOPs was built on learning from the FUN-LV project. The learning from FUN-LV and its implications 

on the design of the SOP in Active Response are summarised in Table 5.  

Design 

Phase 

Generation 1 

(FUN-LV) 

Units Generation 2 (Active Response) Design Variation 

PDR Forced air 

limitations and 

acoustic noise  

Two-

terminal 

Review cooling method/converter 

losses and noise reduction with 

high frequency switching. 

New mechanical layout for 

effective cooling and new 

converter stack design.  

PDR Liquid cooling 

issues 

Three-

terminal 

Replace with forced air cooling due 

to reduced losses using high 

frequency switching. 

PDR No 

communication 

with high level 

ANM system 

Two-

terminal and 

three-

terminal 

New control architecture.  A 

Programmable Logic Controller 

(PLC) module is used with a 

Distributed Network Protocol 3 

(DNP3) slave communication 

module that connects with type E 

RTU. 

New controller with both 

microprocessor and Field 

Programmable Gate Array 

(FPGA) used as a SOP 

supervisory control. New 

software architecture and new 

internal and external 

communication architecture. 

PDR Control: 

converter 

control card and 

PLC limitations 

Two-

terminal and 

three-

terminal 

The main switching function is 

carried out at 20 kHz instead of the 

5 kHz in the FUN-LV design. The 

control architecture is upgraded for 

the higher bandwidth required. 

PDR AC filter thermal 

issues 

Two-

terminal and 

three-

terminal 

New inductor design: reduced core 

losses, size reduction and use of 

different core materials owing to 

high frequency switching. Core 

uses Silicon Steel with low 

magnetostriction. 

New grid-side AC filter design, 

busbar arrangement and 

layout. Detailed thermal 

analysis, resulting in new 

cooling arrangement. 

PDR DC Link 

overvoltage 

trips 

Two-

terminal and 

three-

terminal 

Change the control/protection 

settings to increase converter 

immunity to abnormal grid 

conditions. Reviewed DC link 

capacitance specification. 

New DC link design and DC 

link control. Full review of 

protection and fault analysis 

leading to new protection 

settings, cooling arrangement 

and cabinet layout. 

CDR DC capacitors 

overheating 

Two-

terminal and 

three-

terminal 

Detailed electrical and thermal 

analysis is carried out to confirm 

heat management (see sections 

7.3.4 and 7.5.2). 
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CDR Electromagnetic 

compatibility 

(EMC) not in full 

compliance 

Two-

terminal and 

three-

terminal 

Initial EMC review and plan for 

compliance. EMC included in 

circuit layout design and included 

in the test plan as part of FAT. 

New layout considering EMC 

and possible additional EMC 

filter solution identified and will 

be fully analysed in FDR. 

FDR Installation 

issues 

Two-

terminal  

Include mounting foot to lift device 

above ground. 

New installation methods. 

FDR Substation 

access issues  

Three-

terminal 

Confirmation of access restrictions 

in good time before the mechanical 

design is finalised. 

Modular design. 

Table 5: Learnings incorporated from the FUN-LV design for the development of SOPs 

7.2 The use of Modelling in Design 

A key aspect of the SOP design was building simulation models to test the different aspects of design. The possible 

component choices, controllers and protection devices were modelled in an electrical systems simulation platform called 

PLECS. The model was tested with a range of component sizes and set points and validated the appropriate choice of 

components and aided the development of the control design approach. This process is described in Figure 15.   

 

Figure 15: System modelling to explore component sizing and control approach 

Thermal analysis, magnetic flux analysis, and electric field analysis of individual components were simulated in Finite 

Element Analysis (FEA) software, which performed analysis of a component by breaking it down into smaller elements. 

The model is developed based on the physical size of the component or system and the software can analyse the flow 

of heat, magnetic flux or electrical charge in the component. A model led design approach has been used throughout 

the SOP design process. 

7.3 SOP Component Design and Testing 

The main components within a SOP are described below.  

 Semiconductor devices: The semiconductor devices are effectively high frequency switches that interface 
between AC and DC components inside the converter. The devices create a high frequency square wave by 
switching the DC voltage on and off. The switching is controlled by the gate driver circuits and by continuously 
changing the duty cycle of the square wave, the converter is able to synthesise an AC waveform from the DC 
bus voltage.  

o Gate drivers: The gate driver converts the low power input signals from the control boards into the 
required high current in order to safely change the state of the SiC metal–oxide–semiconductor field-
effect transistors (MOSFETs) between ‘on’ and ‘off’. The gate drivers are isolated to prevent any 
common mode transients transferring between the sensitive microprocessor components and the SiC 
MOSFETs. 

 Inductors: The SOPs have three types of inductors:  
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o A Pulse Width Modulation (PWM) inductor, which interfaces with the semiconductor module and the AC 
filter capacitor;  

o A Grid inductor, which interfaces with the filter capacitor and the AC connection to the network; and  

o A Toroidal inductor, which is located at the interface with the AC cables to remove any unwanted 
frequencies. 

 AC busbar: The AC busbar is required to share the dynamic output current across the three phases. The 
busbars must have equal impedance so that the phase currents are balanced.    

 DC link components: The DC link consists of DC capacitors and DC busbars. It provides the physical link for 
connecting multiple power electronic stacks together (two stacks for the two-terminal SOP and three stacks for 
the three-terminal SOP). Power is transferred between the stacks across the DC link. The SOP controller will 
use one of the power electronic stacks to control the DC bus voltage of the DC link. 

 Grid side AC filter: The grid side AC filter smooths out the synthesised AC waveform by removing the high 
frequency switching components from the square wave output of the semiconductor devices. The AC filter 
consists of the PWM inductors and the AC capacitors. This is also known as an LCL filter.  

 Diode rectifier: The SOPs contain a diode rectifier to provide a controlled pre-charge function to charge the DC 
bus within the current limits of the converter. Once the DC bus is pre-charged, the voltage of the DC bus can be 
further increased to nominal DC bus voltage by controlling the switching of the semiconductor modules. 

 Capacitors: The SOPs consist of three types of capacitors: 

o DC capacitors, which connect the positive and negative DC bus to stabilise it by reducing the DC voltage 
and current ripple caused by high frequency switching; 

o DC snubber capacitors, which are placed across the semiconductor modules to remove any voltage 
spikes caused by switching the current at high frequency; and 

o AC capacitors, which form part of the AC filter to remove the high frequency switching component of the 
AC waveform generated by semiconductor modules. 

 Cooling components: The cooling system is required to remove the heat from the SOP caused by losses in 

the components. The SOPs use fans for forced air-cooling.  

During the design process of the SOP, invaluable insight was gained from the design development. As components 

were specified, designed and procured (or, where relevant, produced), they were tested to ensure that they performed 

as per the requirements and were suitable for use within the SOP. Though design and testing were carried out for all 

components, the sections below provide the details of key learnings for any follow-up activities to facilitate the BaU 

transition of this technology.  

 Semiconductor device: Use of Silicon Carbide Technology 

In the time between the FUN-LV and Active Response projects, the semiconductor industry made significant progress 

in the production of SiC devices. SiC devices offer several advantages over the traditional silicon technology used in 

FUN-LV. The key advantages are:  

 Increased efficiency: Due to the wide band gap and low gate charge required to change the state of the SiC 
devices, they require less energy than silicon technology to switch the devices on and off. The switching energy 
required can be just 1% of the energy required to switch SiC devices;  

 Smaller and lighter devices: The reduction in switching losses enables the devices to operate at a higher 
switching frequency. The SOPs in FUN-LV operated at a switching frequency of 5 kHz, whereas the SOPs in 
Active Response are designed to operate at 20 kHz. This reduces the required size of the magnetic components 
used to remove the switching frequencies from the switched output. The reduction in size enables the devices 
to be smaller and lighter; 
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 Reduced cooling requirement: Reducing the losses of the SOPs enables a reduction in the cooling 
requirements and allows for the SOPs to be passively cooled for much of their operation. Passive cooling does 
not require the use of fans and uses convention to remove waste heat from the device. Fans are installed in the 
devices to assist for the peak cooling requirements when the device is operated at full power and ambient 
temperatures are high; 

 Reduction in audible noise: Increasing the switching frequency from 5 kHz to 20 kHz and using passive cooling 

reduce the audible noise from the SOPs. Switching frequencies of 20 kHz and above are beyond the human 
hearing range, enabling the device to appear silent. This permits noise requirements in the specification to be 
met and allows the SOPs to operate in areas that are sensitive to noise pollution, for example residential areas 
at night; and 

 Reduction in access requirements: The SiC devices enable the development of a design that only requires 
access to a single side. Eliminating the requirement to have access on multiple sides of the device for 
maintenance or operation reduces the overall size and clearance requirements of the unit, and allows it to be 
located in a wider range of settings. 

The application of the SiC semiconductor devices is new to the electricity industry, particularly in high power applications, 

so the devices required comprehensive testing.   

In general, the first step in the selection and validation of the SiC Modules was to evaluate their characteristics and 

performance against the reported values in their datasheet. This was mainly done via a comparison of the results from 

the detailed SPICE simulation and experimental investigations against the SiC Modules datasheet. 

The gate driver plays a vital role in exploiting the full potential of SiC semiconductor devices. The performance of the 

two commercially available gate driver circuits was investigated in two phases: 

1. As part of the test on the single module; 

2. As part of the test on the DC link with parallel SiC devices. 

A set of standard Double Pulse Tests (DPTs) were conducted on the nominated SiC Modules to assess their 

performance against datasheets and the design criteria. Figure 16 and Figure 17 show the DPT setup. The tests were 

focused on the evaluation of: 

 Switching characteristic: Characteristics like turn-on and turn-off time, rising and falling time, maximum voltage 
overshoot, diode recovery current, and diode recovery time were measured and compared against the 
datasheet; 

 Switching speed: The speed of the gate driver controls the switching speed of the devices. This is mainly done 
by changing the gate resistor. However, smart features like augmented turn-on and turn-off can help to improve 
the switching speed; 

 Current supplying capability: This is an important feature as the SOP uses two or three SiC devices in parallel 
and a single gate driver card is used to drive them. It is essential for the gate driver to be able to supply enough 
current to all the devices; 

 Gate driver voltage and stability: Performance of the two gate drivers over their operating voltage range (-5V 
to 18V or -6V to 21V) was fully investigated. This is an important feature to control the switching performance of 
the SiC devices; and 

 Protection features: Both gate drivers provide a number of safety and protection features. Of these features, 
Saturation Voltage Detection is the most important and protects the SiC devices against overcurrent faults. 
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Figure 16: Initial DPT setup for testing the individual SiC MOSFET Modules 

 

 

Figure 17: Close up of the gate driver testing 

Following the detailed testing and analysis described above, the project team identified the semiconductor device 

manufactured by CREE as the optimum product to ensure the performance satisfies all the requirements. 

 Inductor selection 

The SOPs have been designed to operate at a switching frequency of 20 kHz, which is higher than that used for FUN-

LV devices. For a given inductor with a given reactance, the impedance, and therefore losses, is proportional to the 

frequency. The higher switching frequency presents a challenge due to this increased inductor impedance and increased 

losses. 

Selecting the correct material for the inductor core was critical for reducing the thermal losses caused by the switching 

frequency component of the semiconductor module output. SiC semiconductor devices have a switching frequency four 

times as high as an equivalent silicon semiconductor. Inductors with traditional iron cores have high losses at high 

switching frequencies and using them with SiC devices would result in large losses, which significantly reduce the 

benefits associated with SiC technology. Ferrite cores and powder cores (e.g. iron powder cores, molypermalloy powder 

cores, high flux cores and Kool Mu/Sendust) are more suited for operation at high frequency. However, these cores had 

higher costs than iron cores, and availability of manufacturers and materials for the specified power ratings was limited. 

A detailed design specification was prepared for each inductor and provided to different manufacturers. Three 
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manufacturers were selected to provide prototype inductors for evaluation and verification. The main reason for selecting 

three different manufacturers was that three different magnetic materials were proposed for the core by the design team. 

In order to support decisions about inductor core selection and design, it was necessary to calculate how much heat 

was dissipated from each type of inductor core. In order to inform this specification, finite element analysis was performed 

on the expected inductor core design. The results of this analysis confirmed that heating within the inductor cores was 

caused by the high frequency switching, as shown in Figure 18.  

 

 

Figure 18: Finite Element Analysis of the heat and airflow around the inductor core 

These results enabled the team to select the most appropriate material for the magnetic core to ensure that the losses 

at 20 kHz were reduced to an acceptable level.  

Usually a fully functioning SOP with software controlled semiconductor devices would be required to provide a suitable 

current and voltage waveform to test each of the inductor prototypes. Instead, a novel approach was implemented to 

test the inductors without semiconductor devices providing the output waveform. Figure 19 shows the test rig for the 

SOP inductor component testing. A 20 kHz current (switching frequency ripple), superimposed with a 50 Hz current 

(distribution network frequency) was applied to the inductors, the equivalent current waveform allowed the design team 

to test the inductors in a very similar condition to its final utilisation.  

All three inductor prototypes showed higher core losses at 20 kHz than expected, which caused high operating 

temperatures and thermal runaway. The prototype with the closest characteristics and performance to the design 

specification was selected for the second iteration of the design. In close collaboration with the inductor manufacturer, a 

second iteration of the inductor design was developed and tested. The test results from the second version of the 

prototype were confirmed to match the design specification and the expected values from the datasheet. 
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Figure 19: Test rig for the SOP inductor component testing 

The test results in Figure 20 show two signals; the inductor current in light blue (distribution networks 50 Hz + Ripple 20 

kHz) and the inductor voltage in red. 
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Figure 20: Results of the SOP inductor component testing – inductor voltage and current 

To allow the cooling system to be appropriately designed, the heat loss from the inductors needed to be understood. 

The temperature of the final inductor prototype was measured and recorded over a duration of three hours. Results of 

the inductor component testing in Figure 21 show the temperature of the core rising to 160°C. 

 

 

Figure 21: Results of the SOP inductor component testing – temperature 

The results from the test were extrapolated to determine the maximum temperature of the inductors during operation of 

the SOP; these results are also useful learning for the SPB as the same inductors are part of both devices. No active 

cooling was applied to the inductor during the test. However, in the SOPs both passive and forced ventilation will be 

used to maintain the core temperature below 90°C, and active cooling will be applied in the SPB using liquid cooling. 
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 AC Busbar Design 

Three AC design options were considered to improve the sharing of current across the paralleled semiconductor devices.  

 The first design considered a two-layer busbar design, but since this proposal had a very low impedance, it was 
difficult to balance the impedance between the two current loops.  

 The second design replaced the busbars with cables to increase the impedance between the two parallel SiC 
MOSFETs and improve their current sharing. However, this design would make the assembly of the device 
difficult, as extra connections would be required.  

 The third design (shown in Figure 22) introduced a new busbar design on the AC side within the module to 
improve the dynamic current sharing between the parallel SiC MOSFETs.  

An FEA simulation was completed on the third design option. This showed an even current distribution across the 

new design of the busbar, improving the current sharing without increasing the complexity of assembling the SOP.  

 

Figure 22: The selected AC busbar design  

 

 DC Link Design 

Three DC link designs were considered and evaluated using FEA simulation. The aim of the DC link is to: 

 Minimise the switching loop inductance so the SOP can exploit the fast switching capability of the SiC MOSFETs; 
and  

 Improve the static current sharing of the parallel components of the SiC MOSFETs. The current must have a 
uniform distribution across both the positive and negative poles. This is achieved by providing a symmetrical 
arrangement of modules and capacitors. 

In the first design (defined as Design 1), the orientation of the DC capacitors was not symmetrical, resulting in a non-

uniform current distribution over the +DC and -DC poles. The middle semiconductor device was observed to have the 

smallest switching loop impedance, which can cause a higher current flow during the turn-on switching transition.  

The second design (Design 2) changed the orientation of DC capacitors to increase the symmetry of the DC link. This 

improved the current distribution of the DC link. Experimental testing of Design 2 revealed the importance of the 

symmetrical design not only for the switching loops but also for the main loop between the stack and the Main DC voltage 

source.  
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In order to improve the static current sharing between paralleled SiC modules, a third design for the DC busbar (Design 

3) was proposed. The FEA simulation results for Design 3 are shown in Figure 23. Design 3 met the objectives set out 

at the beginning of this section and was therefore chosen as the final design; the left side arm was connected to the 

phase stacks and so showed a high current density compared to the right side arm. The central plate, which is where 

the DC bulk capacitors and semiconductor devices are connected, showed uniform current distribution.  

 

Figure 23: FEA simulation results for current distribution on +DC plane (DC Design 3) with current source connected to the left side 
of the +DC plane 

Two designs for the DC link were investigated in an emulated situation close to the final unit installation; the test setup 

is shown in Figure 24. Switching performance of the individual SiC MOSFET Modules was investigated and the results 

showed full compliance with the design characteristic criteria. However, a 15% deviation in static current sharing between 

two Parallel MOSFET Modules was observed, which is above the maximum design target (10%), as shown in Figure 

25.  

 

Figure 24: Testing of the SOP DC link 

Further investigation of the static current sharing revealed that the mismatch between the currents was due to 

asymmetrical connection of the semiconductor devices to the DC voltage source. By changing the connection from side 

to middle of the DC laminated busbar, the problem was solved. The results of the testing of this configuration are shown 

in Figure 26. 
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Figure 25: Current sharing between two paralleled SiC MOSFETs – two-terminal SOP stack with connection to DC supply from one 
side of the busbar (MOSFET currents shown in purple and green) 

 

Figure 26: Current sharing between two paralleled SiC MOSFETs – two-terminal SOP stack with connection to DC supply from 

middle area of the busbar (MOSFET currents shown in purple and green) 
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 Grid Side AC Filter 

The grid side AC filter enables the PED to produce a high quality AC power signal output. It consists of inductors and 

AC capacitors, as shown in Figure 27 below, and interfaces the grid connection to the semiconductor modules. 

 

Figure 27: A circuit diagram of the grid side AC filter 

Correct design of the grid side AC filter and type of modulation used by the semiconductor modules are critical to ensure 

high power quality output from the converter, as required by ‘Planning Levels for Harmonic Voltage Distortions’, ENA 

ER G5/4-1. The grid side AC filter prevents high frequency harmonics from circulating in the local electrical network that 

can cause a heating effect of equipment connected to the distribution network, which is not designed to operate at high 

frequency.  

The grid side AC filter also enables the converter to generate reactive power. By changing the voltage difference across 

the grid side AC filter, reactive power can be either generated or absorbed by the filter. The direction and magnitude of 

the active power through the SOP is varied by changing the voltage angle across the filter.  

Sizing of the grid side AC filter parameters has been carried out analytically, to comply with ENA ER G5/4-1 and provide 

good attenuation to disturbances. The grid side AC filter was validated through simulation of a terminal short circuit. 

7.4 SOP Module Design and Testing 

The main modules, which are common to both the two-terminal and three-terminal SOPs, include: 

 Phase stack: A single-phase paralleled half-bridge converter to provide the hardware to synthesise the AC 
phase voltage and control the AC phase current from the DC bus. The phase stack interfaces between the DC 
bus and a single phase of the AC supply, for example, either the red (L1), yellow (L2), or blue (L3) phase; 

 Neutral stack: A single-phase, half-bridge converter to provide the necessary hardware to reduce the voltage 
ripple on the DC bus and ensure the DC bus voltage is balanced around the centre point of the DC bus. The 
Neutral Stack connects to the common neutral connection of incoming phases to control and compensate the 
imbalance in the current of neutral connection. The neutral earth is connected to the start point of the distribution 
transformer either via the outer sheaf of the mains distribution cable or via a connection to the neutral bus bar 
inside the substation; and 

 Control system: The semiconductor devices are required to be switched at precise intervals to ensure the SOP 

operates correctly. Current and voltage sensors, used within the SOPs, feed inputs to the control processor, 
which calculates the switching signals required to control the current through both the filter and grid inductors 
and to control the voltage across the DC and AC capacitors. Enabling the SOPs to precisely control the voltage 
of the DC link ensures that the power transferred from one port to another matches the set points either provided 
by the ANM system or set during commissioning.  

The following section describes the key aspects of the module design and testing process. 
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 Phase Stack 

The main module within the SOP is the power electronic stack, which is a fully functional PED that can perform an AC 

to DC conversion and vice versa depending on the current direction.  

Two types of stack are used in the SOP: the phase stack and the neutral stack. As shown in Figure 28, the phase stack 

consists of two half-bridge modules in parallel that provide the required current rating of the device and connects between 

the DC bus and the phase voltage via the grid side AC filter. The neutral stack consists of one half-bridge module and 

connects across the same DC bus as the phase stacks. 

The stack is made up of DC capacitors and semiconductor devices, as shown in Figure 28. The module is also made 

up of control boards and a snubber capacitor.  

                     

Figure 28: SOP Power Electronic Stack circuit diagram (phase stack to the left; neutral stack to the right) 

The number of phase stacks used to make up a SOP unit depends on the number of terminals in the unit itself; the two-

terminal SOP is made up of six phase stacks, and the three-terminal device is made up of nine phase stacks (three for 

each terminal). The phase stacks generate the AC voltage from the DC voltage and control the transfer of power from 

the DC bus into the AC phase 

The design objective for the phase and neutral stack was a modular design that could be used for both the two-terminal 

and three-terminal SOPs and could exploit the full capacity of the SiC MOSFETs. The stacks needed to be compliant 

for EMC, have low cooling requirements, and be compact to minimise the volume and size of the stack.  

The two half-bridge semiconductor modules in parallel within the phase stack need to be designed to share the phase 

current. Incorrect sharing of the current can result in increased component heating and reduce the stack’s life. Both the 

design of the AC connection and the DC connection of the SiC MOSFETs were considered to improve the dynamic and 

static current sharing of the two parallel SiC MOSFETs. 

Various possible arrangements were investigated for the heat sink, busbar and cooling to understand the impact on the 

mechanical layout and overall dimensions. Each design was simulated using a specialised thermal analysis software 

package and was examined using computer aided design (CAD) to check electrical creepage and clearances. In the 

phase stack design process, the design of the DC busbar and AC output connections was a key challenge for the safe 

and reliable operation of the phase stack. The successful mechanical design of the phase stack is shown in Figure 29. 
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Figure 29: Rendering of the SOP Power Electronic Phase Stack module 

 Neutral Stack 

The purpose of the neutral stack is to balance the voltages on the DC bus and enable the SOPs to provide an unbalanced 

current on the AC side of the converter. By actively balancing the DC bus voltages, the voltage ripple can be reduced, 

and more efficient operation of the SOPs can be achieved. 

Both types of SOP contain only a single neutral stack. The neutral stack consists of two semiconductor switches 

(MOSFETs) in series and forms one leg of the inverter; it also includes the DC bus bulk capacitors and provides a 

connection to the middle of the DC bus. The difference in design between the phase stack and neutral stack is shown 

in Figure 30. The neutral stack has a different mechanical layout and is larger than a phase stack because it has to 

accommodate the bulk capacitors and the Middle DC bus Connection. 

The same design principles apply to both the phase stack and the neutral stack. These include the considerations around 

the gate driver, paralleling SiC MOSFETS, minimising the switching loop inductance and keeping the switching 

characteristics within pre-defined margins.  

Any phase unbalance on the AC side will cause an imbalance on the DC bus; this will result in current flow through the 

midpoint of the DC bus, increasing the voltage ripple on the DC bus. The neutral stack is designed to reduce the ripple 

on the DC bus and ensure the DC bus is centred on the midpoint tied to earth. The 800V DC bus should be +- 400V 

around the centre point and not +410V -390V around the centre point. The neutral stack improves the power quality of 

the neutral current and filters for any switching frequencies.  
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Figure 30: Comparison of phase stack and neutral stack design 

 Phase and Neutral Stack Testing 

The phase and neutral stack have similar designs and therefore follow the same testing procedure.  

The phase stack is one of the fundamental components in the SOP and its main function is to convert the DC voltage to 

a single-phase AC voltage and control the direction of power flow between the AC and DC terminals. The phase stack 

unit is shown in Figure 31. Each phase stack in the SOP consists of: 

 Two paralleled SiC MOSFET devices; 

 Gate driver circuits; 

 Bulk and snubber DC capacitors; 

 A heatsink for cooling; and 

 A metal frame for mechanical attachment. 

Exploiting full capacity of SiC MOSFETs and designing a stable and reliable operation of paralleled modules are critical 

objectives of the phase stack design. Also, balancing dynamic and static current sharing between the parallel SiC 

MOSFETs ensures safe and reliable operation of the phase stack units. 
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Figure 31: SOP phase stack unit 

Testing was carried out to assess both the phase stack and the neutral stack, in order to evaluate:  

 Wiring and connections in power and control circuit; 

 Continuity of earth connection; 

 Auxiliary circuits and power supplies; 

 Monitoring and measurements circuits (temperature sensors, CTs, VTs, etc.); 

 Initial assessment of the control software (PWM generator, data acquisition, external control interface, etc.); 

 Operation of phase stack up to 30% of nominal power – test is limited by the power rating of the external DC 
power supply; and 

 Operation of one terminal in supplying resistive load. 

Figure 32 shows the SOP modules under functional testing. Functional tests were carried out both under no-load and 

loaded conditions.   
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Figure 32: The phase stack and neutral stack under functional test 

 

The current sharing between the paralleled SiC MOSFETs within the phase stack was assessed during the load test 

and the results are shown in Figure 33. This was to ensure that the current was shared between the devices.  
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Figure 33: Current sharing between MOSFETs M1 and M2 on the phase stack 

 

 Control Module 

As part of Active Response, the SOP will communicate with a high-level ANM system, hence there are some top-level 

control orders that will need to be carried out locally in response to an ANM request:  

 Transformer Equalization; 

 Voltage Equalization; 

 Voltage Support; 

 PF Correction; 

 Phase Imbalance Compensation; 

 Harmonics Compensation; and 

 Follow Set-point. 

 The control module consists of four major parts. Key design characteristics are described below. 

 Processing Unit (Control Card): This is the core of the control unit. Each SOP consists of two or three control 

cards and the interconnection between them. Each control card has one digital signal processor (DSP) and one 
FPGA which processes the feedback signals from the Data Acquisition and Monitoring circuits and provides the 
control commands to the SOP’s phase and neutral stacks. It also controls the switchgears and provides 
protection for the SOP and the grid in the event of failure. The processing unit communicates with the upstream 
control units (e.g. RTU and ANM system) in order to exchange control commands and monitoring data. 



Active Response  
Project Deliverable 3 – Learning from Hardware Factory Tests 

 

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 47 of 84 

 The control card has been designed and implemented based on two major requirements: 

1. Processing Power: Control of the SOP is complicated and includes intensive calculations. Thus, a 
combination of a powerful Microcontroller and an FPGA has been implemented on each control card. 
The three-core Microcontroller is the main processing unit while the FPGA is implemented as the co-
processor to help the Microcontroller with intensive calculations. 

2. External input/output (IOs) connections: Control of the SOP requires a high number of IO 
connections, including the control commands, feedback signals (analogue and digital), and external 
and internal communication links. The control card has been implemented with fixed and configurable 
signal conditioning circuits, which connect the IOs to the Microcontroller and FPGA. 

 Data Acquisition and Monitoring component and circuits: Consist of voltage and current transformers (VTs 
and CTs), temperature sensors, and the human to machine interface (HMI) unit. The feedback from these circuits 
is used to monitor and control the operation of the semiconductor devices and auxiliary control units. These 
components have been selected based on the system requirements for control, protection and monitoring of the 
SOP.  

 Switchgears and Relays: These are used to provide control and protection for the SOP and can be categorised 

into two groups. The power rating and protection requirements of the SOP are two major factors in the selection 
of these components: 

o Main protection: the moulded case circuit breakers (MCCBs), fuses and isolators that connect and 
disconnect the SOP to and from the grid; they also provide protection in the event of overcurrent faults.  

o Auxiliary protection devices: the miniature circuit breakers (MCB), fuses and relays are part of the 
control module and provide protection and control of auxiliary circuits, including fans, uninterruptible 
power supply (UPS), heaters and DC power supply units (PSUs). 

 Auxiliary Power Supply Units: These include the internal AC and DC supply units that provide power to the 
SOP internal circuits and components such as fans, heaters, control circuit, CVs, VTs and processors. The main 
supply to these units is provided from the incoming phases and the backup UPS. In the event of losing the main 
supply, the backup UPS shall provide enough power to the critical units in the control module. This will ensure 
the safe shutdown of the SOP and will provide time to inform the upstream control units of the system shutdown 
or failure. 

An overview of the control module scheme is shown in Figure 34. 
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Figure 34: Overview of the control module scheme for a two-terminal SOP 

Detailed simulations of the SOPs were built to develop control and protection. Most protection settings have been carried 

on from FUN-LV and some have been modified to allow for higher SOP availability during abnormal grid events. The 

switch from silicon technology in FUN-LV to SiC technology in Active Response has caused a small reduction in the 

current rating of the devices.  

Figure 35 illustrates the operating envelope of the SOPs. This profile will allow the SOP to support the network for an 

over or under voltage and ride through any short-term voltage transients observed on the LV network. When the SOP 

will operate within the normal operating envelope, the SOP will provide a constant power function. To maintain a constant 

power output, changes in voltage will result in changes of current from the SOP. For voltage dips, the SOP will enter into 

a constant current mode and limit the current. Grid status will be monitored and the operation will return to normal once 

the supply is healthy again. 
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Figure 35: Illustration of the operating envelope of the SOPs 

The PLECS model (shown in Figure 36) has been developed to analyse behaviour and control performance of the 

proposed two-terminal SOP. Each terminal is connected to the relevant substation, modelled as a three-phase AC 

voltage source, via a distribution cable. Loads connected to network may vary in different models, according to tested 

functionality. For instance, in Figure 36 a single-phase harmonic load is connected to distribution network B to test the 

harmonics compensation capability.  

Each terminal of the two-terminal SOP is, apart from the power rating, similar to each terminal in the three-terminal SOP. 

Thus, the two-terminal SOP description is provided as a representative of both variants unless otherwise specified. A 

detailed explanation of the PLECS model and simulation results is available on request.  

The PLECS model has been used to simulate the SOP control module and confirm it can provide functions required by 

the ANM system. A processor in the loop verification method is adopted to validate the code on the control card. All the 

related aspects of the control software were tested using the PLECS model and during the functional tests of other 

components and modules. The control module is fully validated as part of the FAT tests when all the hardware is in 

place. No major maloperation was detected in the tests. Minor changes were made to the control software during the 

test – mainly improvements in: 

 The internal protection algorithm; and 

 Communication via Modbus TCP. 
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Figure 36: Two-terminal PLECS model with neutral point control leg 

7.5 SOP System Design and Testing 

Once the optimal stack design was completed, the system design focused on the minimisation of the size and volume 

of the required cabinet. Several options were explored in order to optimise this design and to meet the specification 

requirements. The advantages of the selected design include: 

 Ease of maintenance – replaceable stacks to minimise the mean time to repair;  

 Designed for higher reliability – achieved through management of component heat; the capacitors have been 
distributed inside the cabinet to achieve increased cooling;  

 Improved EMC performance – each stack has a low loop inductance to improve the EMC performance; and 

 Ease of Installation – cable terminations and isolators are in the same section of the SOP. 

The EMC compatibility and design for the two-terminal and three-terminal SOPs are summarised in the following section.  

 Electromagnetic Compatibility (EMC) 

The standard IEC 61000-6-3 was used as the reference for the radiated emissions tests for Active Response. The 

standards review and EMC control plan detailed in section 6 identified the design guidelines that were implemented as 

part of the SOPs’ system design. The key ones are summarised below: 
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 Additional EMC filters are placed inside the SOP to prevent unwanted noise signals from entering into sensitive 
electrical areas of the SOP. In order for them to be effective, they shall be installed at the entry of the mains 
cable directly after the protection switchgear; 

 Ground connection shall be as short as possible and of low impedance; 

 Holes in enclosure shall be minimised;  

 Different cable groups shall be separated by the maximum distance possible. Priority is given to segregating 
power cables from control cables and segregating the input cables from all others;  

 The enclosure must have an unpainted non-corroding surface finish at every point where other plates, doors 
etc. make contact;  

 For inductors, the magnetic core is insulated from earth and then routed with minimum loop area back to the 
centre point of the neutral converter;  

 Bond impedance to be less than 20mΩ; 

 All control inputs shall employ filters on their inputs with the filtering elements balanced between the positive 
and negative lines; and 

 All power filters shall employ inductors in both the positive and negative lines (where applicable) to equalise the 
impedance in both lines and to prevent noise escaping on the return lines.  

 

 Two-terminal SOP system design 

The initial enclosure design was considered very intricate for an optimal manufacturing process of the PED frame. The 

structure consisted of a number of welded angle pieces, which introduced criticalities into the structural integrity of the 

enclosure. The team took an alternative approach by using laser cutting processes, which ensured structural robustness 

as well as an optimised manufacturing process. The final layout of the two-terminal SOP is shown in Figure 37. 
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Figure 37: Illustration of the layout of the SOP 

The losses of each component were calculated to perform the thermal analysis of the cabinet, presented in Figure 38. 

The most significant contributor to the losses is the semiconductor module MOSFETs, which account for more than 65% 

of the total losses; the next being the PWM inductors which contribute another 20% of the total losses. The results of 

the thermal analysis supported the selection of the fans for peak current cooling only. The selected fans are designed 

for a minimum service life of 15 years, to have low maintenance requiring servicing every 12 months, and for the minimum 

time to repair to be two hours. The selected fans are low noise, are ideal for the deployment as street furniture in 

residential locations, and have a low power demand to reduce losses. 
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Figure 38: Thermal analysis of air temperature in two-terminal SOP 

Several design challenges existed around the thermal aspects of the SOPs. An increase in the current capacity of the 

DC link capacitors was required to maintain capacitor temperature to below 70 ⁰C. Due to component availability, 

additional capacitors had to be used to increase the current capacity instead of higher rated capacitors. The converter 

heat sinks design was optimised to ensure the maximum heat sink temperature does not exceed 70 ⁰C. This limit is 

required because the capacitors are in close proximity to the semiconductor modules. 

The two-terminal SOP has a gland plate installed at the bottom of the cable termination compartment, identified in Figure 

37. The gland plate can be removed to enable the connecting cables to be fed through the bottom of the SOP, stripped 

and terminated. The large connection plate allows the cables to be easily manoeuvred whilst still meeting the IP54 

requirement. The two-terminal SOP has bottom entry cables to ensure they are not exposed when installed on a street. 

 Three-terminal SOP system design 

The layout of the three-terminal SOP is shown in Figure 39. The three-terminal SOP is split into four mechanically 

separate cubicles; each cubicle has a power electronics stack and a distributed control module. Figure 39 shows the 

four cubicles bolted together, but there is potential to have the cubicles placed separately in a building. If the cubicles 

were separated, the electrical connections would need to be modified and re-verified. Having mechanically separate 

cubicles allows the three-terminal SOP to be easily transported and installed in 11kV/400V substations.  
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Figure 39: Illustration of the layout of the three-terminal SOP 

The three-terminal SOP has top entry single-phase cables. The SOP is installed within an 11kV/400V substation and 

connects directly to the 400V distribution board. The distribution board is above ground and requires connection via 

three single-phase cables.   

The losses of each component were calculated to perform the thermal analysis of the cabinet. The most significant 

contributor to the losses is the Inverter module MOSFETs, which accounts for more than 73% of the total losses; the 

next being the PWM inductors which contribute another 17.5% of the total losses. Total thermal losses for the three-

terminal SOP were estimated to be more than twice those of the two-terminal losses. Due to the high losses, forced air-

cooling is required for normal operation of the SOP. The fans were sized based on the thermal analysis and are designed 

for a minimum service life of 15 years, to have low maintenance requiring servicing every 12 months, for the minimum 

time to repair to be two hours, and have a low power demand to reduce losses.  

 SOP System Testing 

The objective of the SOP system testing is to verify that the complete PEDs are fully functional and ready to be installed 

into their final location. The system testing is used for the FAT and its setup is shown in Figure 40. It comprises the 

following: 

 Mechanical tests: these include clearances, creepage distances, and ground continuity testing. The enclosure 
is tested for security against accessibility and IP rating tests.   

 Electrical tests:  

o Dielectric and grounding: tests include dielectric tests measuring electrical insulation, and testing of the 
ground connection;  
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o Preliminary tests: these include testing the control power supply, fans and circuit breaker and the 
response to various inputs and loading conditions. 

 Full operation specification tests: These include: 

o Operational modes tests: these include real and reactive power export on each port, voltage 
equalisation, voltage support, phase imbalance improvement, and harmonic compensation; 

o Electrical performance: tests include operating at the power, voltage and current ratings of the unit, the 
ability to operate throughout frequency ranges, and the fault ride through capability; 

o Thermal tests: testing operation throughout the rated ambient temperature range;  

o Monitoring and protection: these include the testing of protection devices against various electrical and 
thermal faults and issues within the unit (e.g. ground fault, over-current, outside of voltage range, 
overheating of components), and issues with the controller and communications systems; and 

o Audible noise: audible noise is measured in operation to ensure it is within required specifications.  

 EMC tests: tests specified in the EN 61000 series of standards (which can be completed at the supplier’s factory) 
are set to confirm the SOP is compliant with the required levels of EMC compatibility, emissions and immunity.  

 

Figure 40: Full Integration Test setup for two-terminal SOP 
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8. Soft Power Bridge (SPB) 

The SPB is a two-terminal device using a novel architecture which has not been designed for, or tested, on 11kV 
distribution networks before. Its behaviour is similar to a SOP as it acts to control the power across an 11kV NOP, 
bringing flexibility to the 11kV network and improving the utilisation of the existing infrastructure. However, there were 
some key differences in developing the design of the SPB when compared to the SOPs, including: 

 Operation at a higher voltage: The SPB operates at a higher voltage (11kV) to the SOPs, which impacts 
component selection and system design; 

 Higher rating: The SPB has a higher power rating (5MVA) than either of the SOP units, meaning that the system 
and its underlying components will need to be designed to carry a 262A load at 11kV. This is also reflected in 
greater cooling requirements; and  

 Development of a wholly new device: FUN-LV has provided a prototype and key learning directly applicable 

to the SOP units. While the design of the SPB is informed by this learning, the SPB has been designed from 
start to finish within the Active Response project.  

This section describes the component, module and system design and testing for the SPB.  

The architecture of the SOP and the SPB is compared in Figure 41. The SOPs are fully rated back-to-back converters 

that are able to transfer the rated current and interrupt the rated voltage (400V) of the network. Each semiconductor 

model in the SOP is rated for 1.7kVrms peak voltage. The SPB has effectively taken the design principle of the two-

terminal SOP and rotated the architecture 90° to connect one port of the device in parallel with the 11kV network via a 

step-down transformer, and the other port is to be fed directly from the 11kV network. The SPB could be considered a 

power electronic design of the Unified Power Flow Controller (UPFC) family, which has both a shunt and series 

connection via a common DC link to perform control of active and reactive power.  

 

Figure 41: Comparison of the architecture of the SOP and the SPB within the network 

Connecting the SPB converters in series and isolating each phase of the converter enables the power electronic modules 

to have a similar architecture to the two-terminal SOP (rated for 350 Arms and an ability to interrupt a voltage of up to 

1.5 kVrms) and to transfer up to 5.0MVA of bi-directional power. The transfer capacity is limited by the rating of the 

existing cables and the combined 1.0MVA rating of the three power electronic modules. The current rating of each power 

electronic module in the SPB is the same as the two-terminal SOP, but the SOP operates at 400Vrms voltage. The SPB 

converters are able to operate at 850 Vrms – significantly lower than the 11kVrms voltage. Each phase of the converter 

is isolated from the 11kV side and its potential will follow the 11kV AC waveform. 

The operating voltage of the SPB converters presents a limitation: the instantaneous voltage across the input ports of 

the SPB for each phase should be <1.7kV. Therefore a fast-acting Solid State Series Switch (SSSS) is placed in series 

with each of the output ports to isolate the SPB if the instantaneous voltage across the ports increases above 1.7kV. 

The SSSS is able to interrupt rapidly the 11kV incoming voltage, and is described in more detail in the following sections. 
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A study was undertaken to determine if this would provide a barrier to installing the SPB on UK Power Networks’ 

distribution network; this study is detailed in the following section.   

8.1 SPB Voltage Difference Study 

The instantaneous voltage difference across the SPB is required to be less than 1.7kV. Figure 42 shows one cycle of 

two 11kV voltages with a magnitude and phase difference. At any point in time, the difference between these two 

instantaneous voltages cannot be more than 1.7kV or, in other terms, more than a difference of 8° of the two voltage 

vectors. The measurement required is shown in Figure 42 by the orange double-headed arrow. If the instantaneous 

voltage difference across the two ports is greater than 1.7kV, the SPB is required to disconnect to prevent an over 

voltage across internal components.  

 

Figure 42: Diagram showing voltage constraint between the two ports of the SPB 

It is likely that the phase angles across a NOP in 11kV networks will change with voltage, primary substation loadings 

and feeder loadings. It is expected that the phase angle will vary across the day, between days of the week and between 

seasons. There are no established methods for measuring the voltage difference and phase angles across a NOP at 11 

kV. RMUs used in 11kV networks typically are not installed with voltage transformers. Their installation is both expensive 

and highly disruptive as the work may require network outages and possible planned customer interruptions. 

In order to determine the suitability of the design of the SPB, the voltage difference (magnitude and phase angle) was 

measured across the NOP. This was achieved using a specifically designed measurement circuit which allowed the 

output of the voltage presence indicators to be shown on oscilloscopes. It was found that the use of oscilloscopes was 
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preferable to data loggers generally used by UK Power Networks, as they are not suitable for recording small signals 

needed for this application.  

For further validation and confidence in this approach, measurements at several UK Power Networks substations were 

taken and in all cases the phase angle was less than 8° (in the majority of cases it was significantly less than 8°). 

Although there is some uncertainty in the measurements, the results show the phase angle across the 11kV NOPs is 

small and provided confidence that the voltage limitation of the SPB should not be an issue in the Active Response trials 

and deployment across the wider UK Power Networks licence areas. 

8.2 SPB Component Design and Testing 

The main components within the SPB are described below. Many of these components are the same or similar to those 

used within the SOP, and where appropriate, design lessons and testing were shared between the units.  

 Semiconductor devices: The semiconductor devices in the SPB are the same as the devices used in the SOP. 

They are able to operate at the same voltage as the SOP semiconductor devices due to the isolation transformer. 
They are controlled by the gate driver circuits to switch the DC on and off to generate a high frequency square 
wave. By changing the duty cycle of the square wave, the converter is able to synthesise an AC waveform from 
the DC bus. The DC bus is initially pre-charged by a diode rectifier.  

o Gate drivers: The gate driver converts the low power input signals from the control boards into the 
required high current to safely change the state of the SiC MOSFETs between ‘on’ and ‘off’. The outputs 
from the control boards do not have the required voltage or current to switch the SiC MOSFETs on and 
off, requiring the gate drivers to interface between the two components. The gate drivers are isolated to 
prevent any common mode transients transferring between the sensitive microprocessor components 
and the SiC MOSFETs. Isolation enables the SiC MOSFETs to be at the potential of the 11kV voltage 
while the control boards are low voltage potential.  

 AC busbar: AC busbars are used to provide the physical connections for interfacing the two input three-phase 
converter with the secondaries of the 11kV/850V isolation transformer, and the three single-phase outputs. 
Unlike the SOP, the SPB AC busbar is not used to balance the current across each phase as it has individual 
converters for each phase. The current sharing is achieved by optimising the DC busbar design only.    

 DC link components:  The DC link in the SPB operates at 1.5kVdc rather than the 850Vdc rating in the SOPs; 
this is due to the power electronic module architecture detailed in section 8. The DC link consists of DC 
capacitors and the DC busbars to provide the physical connections between the converter interfacing with the 
isolation transformer with the converter interfacing with the 11kV phase voltage. The converter interfacing with 
the isolation transformer will control the DC bus voltage of the DC link.  

 Isolation transformer: The isolation transformer consists of four windings. The HV primary is a delta winding 

which connects to the 11kVrms, 50 Hz voltage side and the three secondary windings are each in a star 
configuration supplying an isolated 850Vrms, 50 Hz voltage to each phases converter stack in the SPB. The 
isolation between the three secondary windings is critical in preventing a failure, as the secondary side will float 
at the 11kV potential. 

 Diode rectifier: As with the SOPs, the SPB contains a diode rectifier to provide a controlled pre-charge function 
to initially charge the DC bus within the current limits of the converter. Once the DC bus is pre-charged, the 
voltage of the DC bus can be further increased to the nominal DC bus voltage by controlling the switching of the 
semiconductor modules. 

 Inductors: As with the SOPs, the SPB has three types of inductors:  

o A PWM inductor, which interfaces between the semiconductor module and the AC filter capacitor; 

o A grid inductor, which interfaces between the filter capacitor and the AC connection to the network; and  

o A toroidal inductor, which is located at the interface of the AC cables to remove any unwanted 
frequencies. 
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 Capacitors: As with the SOPs, the SPB consists of three types of capacitors: 

o DC capacitors, which connect the positive and negative DC bus to stabilise the DC bus, and reduce the 
DC voltage and current ripple caused by the high frequency switching; 

o DC snubber capacitors, which are placed across the semiconductor modules to remove any voltage 
spikes caused by switching the current at high frequency; and  

o AC capacitors, which form part of the AC filter to remove the high frequency switching component of the 
AC waveform generated by the semiconductor modules. 

 Cooling components: The cooling system is required to remove the heat from the SPB caused by losses in 
the components. The inductors and the semiconductor modules are the components that have the highest 
losses. 

 Grid side AC filter: The grid side AC filter removes the switching component from the output of the DC to a 
square wave with a controllable duty cycle generated by the power electronic stack. The grid side AC filter 
consists of inductors and an AC capacitor. This is also known as an LCL filter. 

The sections below include particular insight about components unique to the SPB. Where components are the same or 

similar to those used within the SOP, the design considerations are detailed in the SOP design and testing (section 7.3) 

above.  

 Semiconductor Devices: Use of Silicon Carbide Technology 

As detailed for the SOP semiconductor in section 7.3.1, SiC devices have recently become available for use within PEDs 

and have many key advantages. The SPB was designed using SiC devices for the following key reasons:  

 Low audible noise: The SiC devices enable switching frequencies of >20kHz, meaning that no audible switching 
noise is produced;  

 Higher efficiency: Reduced losses and hence higher efficiency relative to silicon devices due to lower conduction 
and switching losses; and 

 Reduced size of equipment: The size of the equipment can be optimised, as magnetics are reduced in size due 
to the higher switching frequency and there are fewer losses to dissipate from the converter using SiC devices. 

Due to insufficient material availability on the market, the devices used within the SOPs could not be used in the SPB. 

Alternative semiconductor devices from SEMIKRON were procured, with similar switching characteristics and 

architecture to those used in the SOP (though the losses were 25% higher). However, due to the architecture of the 

SPB, the semiconductor devices are not carrying 100% of the SPB’s current rating, therefore the alternative device was 

suitable even with increased losses and was selected for use. In addition, the water cooling system used in the SPB can 

dissipate the heat derived by the higher losses. The water cooling system is detailed in the cooling system design 

(section 8.4.3).  

Different gate driver boards are required for the SPB’s semiconductor devices compared to the SOP, to ensure 

compliance with the SEMIKRON semiconductor switch specification. 

The design development strategy was to build and test each individual gate driver card with a single semiconductor 

device and gradually introduce one at a time. The testing schedule followed the order below: 

1. A single gate driver and semiconductor;  

2. Semiconductor devices in series; and  

3. Semiconductor devices in parallel. 
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The test in series was a crucial part of validating the system, as any failure during these tests would require a major re-

design. The test rig for the testing of the gate driver and semiconductor devices is shown in Figure 43; the gate drivers 

are the green electronic boards and the semiconductor devices are the white devices.  

   

Figure 43: Gate driver testing setup 

With the input cable disconnected, the gate driver was powered up and the output signals to gate driver circuits were 

measured. Figure 44 shows the gate driver powering on with no input and the gate driver signals defaulting to -5V, which 

ensured the switches are off. Figure 45 shows the gate driver powering off and on with no cable connected. This is useful 

in a fault situation in case there is damage to a cable or it is not connected properly. 

  

 

 

The behaviour of the gate driver circuits was therefore in line with the expectation and allowed the design team to validate 

their design in preparation for the SPB module design.  

 Busbar Design 

The SPB has five AC busbars (see Figure 47), one for each of the three-phase input converters and single-phase output 

converters. The SPB’s AC busbars for the input three-phase and output single-phase converters are not physically the 

same shape as those of the SOP, although they have the same electrical function. For the SOP, the shape of the AC 

busbar is designed in a way to control the impedance of the current paths (in conjunction with the DC laminate busbar; 

see section 7.3.4) to optimise the current sharing of the paralleled semiconductor switches.  For the SPB’s input three-

phase converter stage, paralleling of semiconductor switches was not used and optimisation of the DC laminated busbar 

only was enough to achieve balanced current sharing for the single-phase output converter stage. 

Figure 44: Gate driver testing – cable 
connected 

Figure 45: Gate driver testing – cable 
disconnected 
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The SPB DC busbar design is presented in Figure 46. The DC link capacitors used in the SPB are much larger than the 

SOP capacitors due to the higher DC voltage and higher energy storage requirements. The significant size of the DC 

busbar (shown in blue) is required due to the higher current rating and to accommodate the larger capacitors and 

converters (shown in green). The power capacitors (shown in grey) are much larger than the components in the SOPs 

due to the higher current rating. The DC busbar design is evaluated using an FEA simulation during the design phase 

of the DC link to minimise the switching loop inductance for exploiting the fast switching capability of the SiC MOSFETs. 

The current must have a uniform distribution through both the positive and negative poles. This is achieved by providing 

a symmetrical arrangement for the modules and capacitors, illustrated in Figure 46. 

 

Figure 46: CAD model of the DC Link and Semiconductor modules 

For the DC Link test, a controllable power source is used to vary the voltage and current across the DC link. The voltage 

across the DC link was gradually increased by enabling the PWM signal that controls the gate drivers, the output voltages 

of each PED (Input and Output power terminals: L1, L2, L3 and AC1, AC2, respectively) were measured, and it was 

confirmed there was no indication of a fault. The maximum voltage applied across the DC link was 1500Vdc. During the 

test the current, voltage and temperature across the DC link were measured. The measurement signals were present 

with the right polarity and scale. The signals were then compared with the direct measurement (by multimeter, high 

voltage differential probes and current probes). 
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Figure 47: DC link layout of the SPB busbars 

 Isolation Transformer 

An isolation transformer is used to isolate the SPB components and allow them to ‘float’ between the two voltages of the 

SPB ports connected to the 11kV network; this aims to keep the voltage across the components below their maximum 

rated voltage of 1.7kV. The transformer only provides isolation on the input to the power electronic modules; the 

semiconductor devices provide isolation on the output port. The isolated components are illustrated in Figure 48.  

The isolation transformer is procured from a third party and meets the specification presented in Table 6. Figure 49 

shows the transformers that have been procured and form part of the completed SPB. In Figure 49 there are two 

transformers, one for Trial 3 and one for Trial 4 of Active Response.  
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Figure 48: Isolated region in the SPB 

Design 
Parameter 

Description 

Input Voltage 11 kV, +6%/-6%, 50 Hz 

Rated Power 1 MVA, continuous operation 

Taps +/-2,5% and +/-5% of rated voltage 

Reference 

Standards 

IEC 60076-X Power Transformers 

IEC 61378-1 Converter Transformers – Part 1: Transformers for industrial applications 

IEC 61378-3 Converter Transformers – Part 3: Application guide 

EDS 04-6020 Specification for Ground Mounted Unit Distribution Transformers 11kV and 6.6kV 

Secondary 

Voltage 
850V, no load 

Output Current 

Quality 
Total Harmonic Distortion (THD) of less than 5% 

Transformer 

Impedance 

The transformer impedance between primary and each secondary will be in the range of 5 to 

7% and the maximum deviation between windings shall be lower than 0.5%. 

Short Circuit 

Endurance 

The transformer will have the capacity to support, without damage, a secondary short circuit 

condition with the current limited by its impedance and short circuit time up to 10 cycles (50 

Hz) 

Efficiency Efficiency at rated conditions shall be higher than 99% 

Table 6: HV isolation transformer design specification 

Semiconductor Modules 
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Figure 49: Two 11kV/850V transformers in a high voltage secure area 

 

8.3 SPB Module Design and Testing 

The main modules included in the SPB are: 

 Power Electronic Modules: The modules of the SPB are similar in design to the power electronic modules in 

the SOP, with the exception of the isolation requirements as all components of each phase of the converter are 
required to be in their own compartment and isolated at 11kV. This enables all the components within the 
compartment to operate at their rated voltage of 1.7kV, rather than the 11kV voltage of the network; unlike the 
SOP where the power flow for the power electronic modules is between the AC and DC interface. The power 
electronic modules inside the SPB control the current through the AC components. Up to 333kVA from each 
module can be injected from the DC to AC side to control the voltage difference across the AC components, 
which subsequently controls the current through the AC components. 

 Solid State Series Switch (SSSS): The SSSS is a stack of semiconductor devices, gate drivers and snubber 
circuits arranged in series to interrupt the 11kV voltage source. The SSSS provides the first line of protection for 
the device and disconnects the SPB from one of the two 11kV voltages to remove the 11kV voltage potential 
across the device from the two circuits. If the instantaneous voltage difference across the SPB is greater than 
the allowed value, the series switch will operate to prevent an overvoltage across the power electronic modules. 

 Control Module: The semiconductor devices are required to be switched at precise intervals to ensure that the 

SPB operates correctly. Current and voltage sensors used within the SPB feed inputs to the control system, 
which calculates the switching signals required to control the current through both the filter and grid inductors 
and controls the voltage across the DC and AC capacitors. This enables the SPB to precisely control the voltage 
of the DC link and the power transferred between the two 11kV circuits. 

The key characteristics of the design of these modules are described in the following sections.  

 Power Electronic Modules 

The main module within the SPB is the power electronic module, presented in Figure 50. This module is a subsystem 

comprised of all the functional components to make the complete three-phase and single-phase converters. The power 

electronic module can perform an AC three-phase to DC to AC single-phase conversion. Each SPB comprises three 

power electronic modules which are made up of: 
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 The power semiconductor switches and their gate drivers; 

 Water heat exchangers; 

 The DC and AC passive filters; 

 DC laminate and AC copper busbars; 

 Voltage, current and temperature transducers; 

 AC and DC auxiliary supplies; and 

 Control electronics. 

 

Figure 50: The power electronic module design and its components 

The power electronic module in the SPB is made of the same components as the SOP stack but has a different 

architecture due to the operation of the SPB on the 11kV network. The stacks in the SOP consist of two parallel half -

bridges designed to convert the DC to a single-phase voltage, and are used per port to synthesise the three-phase 

voltage. Whereas, the modules in the SPB consist of a three-phase to single-phase converter connected via a DC bus 

for each phase of the 11kV voltage. This is illustrated in Figure 51. The three-phase end is connected to the isolation 

transformer and the single-phase converter is connected across the 11kV phase between the two ports of the SPB. The 

whole stack is isolated at 11kV to allow it to float with the 11kV voltage as the components are only rated to a maximum 

voltage of 1.7kV. 

The power electronic module in the SPB consists of dual SiC semiconductor devices that can produce a 750V source. 

The sets of two devices are connected in series to provide the required 1500V DC bus voltage. The DC bus voltage 

defines the maximum voltage difference between the two 11kV ports; if the voltage is more than this the SPB must be 

disconnected to protect the components. To increase the voltage difference rating of the SPB across its ports, a higher 

DC bus voltage would need to be used, resulting in the need to connect more SiC modules in series for the chosen 

architecture. Increasing the DC voltage would also require higher rated components in the SPB.  

When placing the SiC modules in parallel, the SiC modules need to have an equal current to prevent any degradation 

or damage to the components. For this reason, gate driver trimming and a novel laminate copper DC busbar design 
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were used to optimise the individual parallel current paths’ impedances, ensuring balanced current sharing through the 

paralleled SiC modules. 

 

 

Figure 51: Design of the power electronic module used in the SPB 

As part of the power electronic modules, the PSUs are tested to ensure the correct signals are received from the Control 

Card and that they power up. The gate drivers are tested to validate that the devices are working in parallel, are tuned 

together, and can be controlled by the local control module. Figure 52 shows the SPB power electronic module test 

setup.  

 

Figure 52: SPB power electronic module on test 
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As part of the power electronic module tests, current and voltage waveforms with different levels of harmonic distortion 

were injected to test the performance of the filters; a good performing filter would remove most of the harmonic distortion. 

The filter had initially been designed using a model to simulate the expected performance, but the hardware in the loop 

tests demonstrated a high level of harmonics on the filter’s output. The SPB semiconductor devices have a 20 kHz 

switching frequency; therefore, the harmonic components in the output voltage and current occur at 20 kHz and its 

multiples. The 20 kHz and 40 kHz current harmonics components were noted to have high levels of distortion (~80% 

and ~50% of the 50 Hz fundamental component, respectively). Higher frequency harmonics components were 

significantly attenuated. The high level of harmonics affects the THD of the output current and voltage waveforms and 

reduces the power electronic module’s efficiency. To reduce the THD the power electronic module circuit was redesigned 

to optimise the filter topology and modify the component parameters. The final design uses a passive ‘L-type’ filter per 

phase for the three-phase input AC-DC converter and a passive ‘T-type’ filter for the single-phase output DC-AC 

converter. 

 Solid State Series Switch  

A critical component of the SPB is the SSSS – the primary means for interrupting the current in case of a fault or abnormal 

operation. The SSSS acts as a protective device, therefore the current interrupting time is the critical parameter. 

Electrical modelling techniques were used to calculate the lowest network impedance and this was then used to 

determine the required maximum disconnection of the SPB (5μs), to ensure the current does not reach an unsafe level. 

The time taken to reconnect the SPB after a fault can be up to several seconds; this does not impact the design of the 

SSSS. The AC circuit breakers in the RMUs are used as back-up protection and provide UK Power Networks with the 

ability to isolate the SPB from the 11kV network. One phase of the series switch is shown in Figure 53 below.  

 

Figure 53: One phase of the Solid-State Series Switch of the SPB 

The SSSS is a bi-directional solid-state series switch, which functions at medium voltage AC or DC. The circuit diagram 

of an SSSS is presented in Figure 54. The number of semiconductor devices can be varied depending on the voltage 

requirement. The snubber circuit is designed specifically to suit the application, each semiconductor device is only able 
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to interrupt 1.7 kV and six are placed in series to interrupt up to 11kV. The power supply to each driver card must be 

isolated so that the card can make sure that the voltage is the same as the voltage across the semiconductor device in 

the power electronic module. All clearances must be carefully modelled to assess the risk of component flashover.  

Error! Reference source not found.Figure 55 shows an illustration of the SSSS module, including water cooling, 
controller, isolation transformers and power source, as well as the insulated-gate bipolar transistor (IGBT) modules 
within the cabinet.  

  

Figure 54: Circuit diagram illustration of an SSSS 

 

Figure 55: Illustration of the SSSS module configuration 

Once the design of the SSSS was formalised, a testing process was set up to validate the performance. This test is 

described below. 

The objective of the SSSS testing was to verify its performance under conditions as close as possible to those 

encountered by the SPB when it is operating on the network. The testing facility at TPS was unable to provide a full 

power test and therefore a combination of tests using low and medium voltage power sources were used to test different 

aspects of the SSSS performance. We are exploring options and requirements to further test the SSSS. These tests are 
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in addition to the ones that were performed at the SSSS manufacturer’s facilities (a full list of tests is available on 

request). The key ones are: 

 Test of SSSS Control Interface: This test was used to verify the control module and SSSS inputs and outputs, 
to ensure the signals are accurate, the SSSS behaviour in the event of a fault is as expected, and the web 
browser app displays data correctly. The setup for this test is shown in Figure 56.  

 Test at low voltage (LV, 400 V): This test is required to confirm the control functionality of the SSSS, including 
turn-on and turn-off at LV. Three cases were tested: short circuit at the output terminals, operation with low-
current load, and operation with high-current load connected to the SSSS.  

 Test at 11kV: this test is required to check the capability of the SSSS switching at medium voltage power supply 

levels and to safely turn off when turning on against a severe short-circuit (overcurrent) condition.  

With reference to Figure 57, the SSSS was energised to 11kV by using the SPB HV isolating transformer. This was fed 

with 850Vrms, ph-ph on the secondary side to obtain the 11kV on the primary side to enable the 11kV tests (i.e. the 

850V secondary was utilised as a primary and the 11kV primary as a secondary to feed the SSSS). 

 

Figure 56: SSSS test circuit for over-current performance 

 

 

Figure 57: Setup of SSSS control interface testing 

Oscilloscope Oscilloscope SSSS 

Interface 

drive board 

Pulse 
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The tests were carried out successfully, with the short circuit test results shown in Figure 58Error! Reference source 

not found. – where (a) and (c) are the three-phase SSSS voltages (line to neutral, scale 1V=1020V), Channel 4 (green 

trace) is the SSSS ON/OFF control signal. This signal was initially set at 20µsec and the width was progressively 

increased until the SSSS tripped on overcurrent. (b) and (d) show the SPB HV input currents (currents at SSSS side 

may be estimated dividing these values by a ratio of 11.000/850). The SSSS was exposed to several test conditions and 

checks, which were all passed successfully. Thus, the SSSS was determined suitable for integration into the SPB.  

 

Figure 58: Samples of SSSS test results 

 Control Module 

As with SOP component design, a key aspect of the SPB design is building a simulation model to test the component 

parameters, controllers and protection. The SPB control system has been modelled using PLECS. This model consists 

of three identical power modules, which are connected between like phases of the two 11kV feeders (ports). The control 

module design and key signals are presented in Figure 59. Each power module contains its own control card – known 

as a daughter board – which is supervised by a master control card. The SSSS also has a local control card. The PLECS 

model was used to evaluate the control modes, start-up and shutdown procedures. 

The power module card protection is responsible for three-phase input converter side faults (overvoltage, under voltage, 

under frequency, and over frequency) and to balance output voltage difference and current. The SPB has a hardwired, 

24Vdc connection to the RMUs and shall trip the RMUs if the SPB faults, to ensure it is isolated from the network. In 

addition, the master card protection consists of protection logic and monitors the voltage and current at each point of 

(a) (b) 

(c) (d) 
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connection (PoC) to the network, therefore all shutdown actions from each power module card are directed to the master 

card protection to provide centralised decision making.  

A local supervisor controller is used to interact with the high level ANM system, managed by UK Power Networks, and 

to send information and receive control commands through the RTU interface shown in Figure 59. The local supervisor 

controller will be hosted on the Master control card. The SPB supervisory controller has the capability to operate in three 

different operational modes: transformer equalisation, voltage equalisation and follow set point. 

It was necessary to develop control software that runs a ‘soft’ turn on sequence of the power electronic module. This 

control software limits the voltage and gradually increases it to avoid high inrush currents during the start-up of operation, 

which may cause damage or trip the device due to the overcurrent protection. 

 

Figure 59: SPB Control Module schematic with key interfaces 

To test the software, a model of the SPB was created in PLECS and laboratory experimental tests were performed with 

the power electronic module to compare the findings between virtual and real environments. A similar approach was 

followed to test the performance of the gate driver control. The outcome of these advanced simulations and validations 

led to the definition of a suitable ‘soft turn-on’ procedure that was implemented in the control software of the power 

electronic module in order to guarantee the smooth and safe operation of the unit with minimised inrush currents and 

harmonics.  
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To establish the PQ (active and reactive power) capability of the SPB (see Figure 60), a simple HV network model of 

UK Power Networks’ proposed site was developed in PLECS. The PQ capability diagrams for different operational 

scenarios were investigated. It was assumed that the voltage magnitude difference at primary substations would be 

relatively small due to tap changer control installed at the primary substation transformers. Test results showed that the 

distribution network feeder’s impedances were relatively low, and the voltage drop along the feeders had no significant 

effect on overall SPB performance. Testing indicated that a phase angle shift between 8° and 9° between connected 

feeders could result in fast PQ capability diagram degradation, see section 8.1.  

 

 

Figure 60: SPB PQ capability curve 

The simulation completed on PLECs concluded that the reactive power transfer is not independent of the real power 

transfer as it is in the case of the SOPs. Thus any reactive power transfer between connected feeders may need to be 

compensated for, to avoid PF deterioration in one of the primary substations. The spare current capacity of the three-

phase input converter shall be used to provide reactive power compensation. 

8.4 SPB System Design and Testing 

 Enclosure design 

The phases of the SPB must be electrically isolated from each other. The SPB is designed as a modular enclosure 

consisting of an electrically isolated compartment for each of the phases, a compartment for each of the 11kV supplies 

(in/out cubicles), a control compartment, and a cooling compartment. The SPB enclosure is presented in Figure 61.   
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Figure 61: CAD model of the SPB enclosure with some of the components 

 

 Isolation Transformer location 

As presented in Figure 62, the HV transformer, RMUs and radiator for cooling are installed as separate units outside of 

the main enclosure. In order to meet the SPB target weight of 6000kg and the target dimensions of the SPB, the isolation 

transformer is a standalone unit (3800kg) that is cable connected to the SPB enclosure. Installing the transformer outside 

the SPB enclosure also increases the flexibility of the solution, allowing the SPB to be located in more substations.  

Water Cooling Pipes CTs & VTs 

Feeder B 

SSSS  
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Figure 62: Design layout of the SPB 
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 Cooling System 

Water cooling has been selected in the design to efficiently remove the heat generated by the SPB. Passive air cooling 
would not be suitable due to the high power density and thermal losses of the device. To improve safety, low 
conductivity deionised water is used in the cooling system, and electrically isolated hoses are used where the cooling 
is in contact with live parts. Redundant pumps and fans are installed to maximise the reliability of the device, as shown 
in Figure 63. 

 

Figure 63: SPB cooling system design 

  

A specific rig was made by the design team (see Figure 64) in order to run realistic tests on the cooling system that is 

installed in the fully assembled unit. The test was successful and allowed the mechanical model to be finalised prior to 

receipt of the main enclosure. The team identified an opportunity to install it as a module of the first SPB, which would 

be bolted to the main enclosure framework in order to speed up the assembly time. Further design improvements of the 

cooling system will be implemented for the second SPB (used for Trial 4), where the enclosure will be designed with 

specific brackets based on the learnings developed during this design and test phase. 
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Figure 64: Water cooling system testing 

  



Active Response  
Project Deliverable 3 – Learning from Hardware Factory Tests 

 

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 77 of 84 

 

 In/out compartments 

The in/out compartment is the interface between the SPB and the external distribution network. It includes current and 

voltage measurement devices that provide data to the Master control module, the cable terminations, surge arrestors, 

cable shield connection, and voltage presence indicators. The in/out compartment houses protection devices to protect 

the SPB from external faults on the network. The schematic for the compartment is shown in Figure 65. 

 

Figure 65: In/out compartment equipment schematic 

 

 System Testing 

The objective of the SPB system testing is to verify that the PEDs are fully functional and ready to be installed onsite. 

The system testing is used as the FAT. The basic test layout is presented in Figure 66. The full system tests simulate a 

connection to the distribution network; two RMUs are connected to the SPB and isolation transformer while it is still at 

the factory. The SPB is tested at rated current and rated voltage in separate tests. In particular, the SPB is tested at 

rated current of 350Arms whilst reducing the power required to 240kVA (same as the two-terminal SOP) and at the rated 

voltage of 11kV but with a light loading.  

The setup on either port, in Figure 66, is modified slightly depending on the type of test being completed, e.g. a short 

circuit test would require the connection to RMU A to be shorted. The following system tests are performed on the SPB: 

• Mechanical tests: These include clearances and creepage distances and ground continuity testing. The enclosure 
is tested for security against accessibility and IP rating tests. A hydrostatic test is performed on the cooling system; 
see section 8.4.3. 
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• Electrical tests:  

o Dielectric and grounding: this includes dielectric tests measuring electrical insulation, and testing of the 
ground connection.  

o Preliminary tests: these include testing the control power supply, fans and circuit breaker, and testing 
the response to various inputs and loading conditions 

• Power supply, control hardware and firmware: These include testing the operation and control of protection 
devices, and confirming the correct operation of the power supplies.  

• LV functional tests: 

o Output short-circuit test (ground and three-phase fault): this performs a short circuit on each phase and 
then across all three phases and checks that the SPB performs the correct fault operation and is able 
to return to normal operation after the fault is cleared.  

o Rated current test: this checks the functionality of the SPB at the rated current (262Arms). 

o Thermal test: this consists in increasing the current to full load and operating at this load for a prolonged 
period and measuring the ambient temperature within the SPB to ensure it stays within the limits of the 
components.  

o Output overload: Outputs are overloaded in turn for 20 seconds while the SPB continues to operate 
normally without any protection operating. This test confirms part of the SPB fault ride through capability.  

o Loss of coolant: this test simulates a loss of coolant and ensures that the SPB performs the correct fault 
protection. It then confirms that the SPB can be reset and return to normal operation. 

 HV functional tests 

o Rated voltage test at HV: it checks the functionality of the SPB at the rated voltage (11kV). 

o Under/over voltage condition test: it varies the voltage of one SPB feeder and checks the under voltage 
and over voltage protection is working at the expected values. 

o EMC emissions: this test is specified in the EN 61000 series of standards (which can be completed at 
the supplier’s factory) and confirms that the SPB is compliant with the required levels of EMC 
compatibility, emissions and immunity. 

o Emergency shutdown: this test performs an emergency shutdown when the emergency switch is 
activated or the safety doors interlock switch is opened.  

o Loss of ancillary power: this test simulates a loss of 400V supply and confirms that the SPB completes 
an orderly shutdown after 3 seconds.  

o Integration and Communication Test: this confirms that the SPB communicates with the RTU using 
DNP3 protocol and fulfils the defined I/O schedule, both in local and remote control. 

o Arc flash detection: this test simulates a flash of light inside the SPB enclosure and confirms the SPB 
shuts down immediately. 

Throughout the functional tests, the measured waveforms need to be smooth without any unexpected fault or protection 

issues. At the same time, the control modules’ feedback signals are analysed and confirmed to be as expected. Each 

test includes probes on some signals to confirm their accuracy. During a shutdown, the SPB shall report the status and 

fault information to the ANM system via the RTU. 

The PEDs have been tested at the component and module level throughout the design lifecycle and therefore the full 

system tests are used to confirm safe operation and correct behaviour of the fully integrated system. The combination 

of LV and HV functionality tests is considered sufficient to provide confidence that the SPB will operate safely and as 

expected when installed on the distribution network. The results of the full system tests shall confirm the SPB is ready 

to be trialled on the distribution network as part of a live trial. 
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Figure 66: SPB HV functional test setup 
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9. Conclusions, Learnings and Next Steps 

9.1 Conclusions and learnings 

The Active Response team have successfully delivered the specification, design and testing of three high powered 

PEDs, one of which is a completely novel application in distribution networks. The integration of SiC semiconductors 

has been a success, leading to multiple benefits for future PEDs installed on distribution networks. The learnings from 

this deliverable can be directly applied by other DNOs to improve the management of their networks.  

 Specification, design and testing process 

The specification, design and testing process of the PEDs is broken up into three main phases: PDR, CDR and FDR. A 

summary of the phases is presented in Figure 67 below. 

 

Figure 67 – Specification, design and testing process undertaken for the Active Response hardware 

The PEDs in Active Response utilised a number of novel components; SiC semiconductor devices, electrical steel 

inductors, AC and DC busbars, that have not been used in electricity network applications before. Once the PEDs are 

assembled it is difficult to diagnose issues with individual components, therefore an iterative testing approach is 

recommended. Specifically, this was adopted by the Active Response project in order to minimise the impact of 

unexpected issues with novel components and architectures. Testing should be completed at the component, module 

and system level, in that order. 

The design recommendations provided by Imperial College were constructive and gave the project confidence that the 

devices were designed according to the state of the art and that they will be widely applicable to UK Power Networks 

and other DNOs when the project is rolled out into BaU. 

 Silicon Carbide 

SiC devices offer significant advantages over the traditional silicon technology used in FUN-LV, although the switch from 

silicon technology in FUN-LV to SiC technology in Active Response has caused a small reduction in the current rating 

of the devices. The key advantages are: 

 More efficient operation; 
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 Smaller and lighter devices; 

 Reduced cooling requirement; 

 Reduction in audible noise; and 

 Reduction in access requirements. 

Once the SiC devices selection was completed, other barriers to introducing the devices became apparent. The design 

team overcame these barriers by building and testing the devices in stages, ensuring the components were correctly 

specified before designing and testing the modules, and then the full system. One of the key implications of the use of 

SiC devices operating at 20 kHz was on inductor design. Inductors with traditional iron cores have relatively higher losses 

at higher switching frequency. Ferrite cores and powder cores are more suited for operation at high frequency. However, 

these cores have higher costs than iron cores and require specialist manufacturers for the necessary power ratings. FEA 

of the different inductors led the team to select the appropriate material for the magnetic core to ensure that the required 

performance levels at 20 kHz were achieved. 

Application of SiC semiconductor devices is new to the power industry, specifically in high power applications. Therefore, 

it was decided to include a detailed validation testing regime to evaluate the performance of individual components 

against the expected design criteria. Testing the single components and subsystems extended the testing timeline, but 

reduced the risk of component failure when the full system was assembled. 

 Soft Open Point 

The design of Active Response SOPs has been developed on the foundations laid by first-generation SOPs used in the 

FUN-LV innovation project. As well as using SiC devices to increase the switching frequency to 20 kHz, the second-

generation SOPs design has significantly improved upon the shape, cooling, DC link, inductors, grid side AC filter and 

control system of the devices. In particular, the two-terminal SOP has been designed to be quiet and slim, and therefore 

suitable as street furniture.  

A PLECS model was used for detailed simulations of the SOPs to develop the control and protection logic, and to confirm 

it can provide functions required by the ANM system. The PLECS modelling was particularly useful to understand the 

limits and potential fault scenarios in both the SOP and SPB working environments and to demonstrate the robustness 

of the devices under fault conditions. While most protection settings have been carried on from FUN-LV, a few have 

been modified to allow for higher SOP availability (by virtue of improved fault ride through) during abnormal network 

events. No major maloperation was detected in the testing of the control software, although minor changes were made 

to the control software, including changes to the internal protection algorithm and communication via Modbus TCP. 

The design of the DC busbars minimises the switching loop inductance and exploits the fast switching characteristics of 

SiC MOSFETS. To do so, a uniform distribution of current across the central plate is required and can be realised by a 

symmetrical arrangement of the modules and capacitors. FEA simulations were required to define such a suitable 

capacitors arrangement. The final DC link design has a uniform current distribution, which reduces losses and increases 

the reliability of the SOP.  

Three AC busbar designs were considered to improve the dynamic sharing of the parallel components. An FEA 

simulation was completed on the three proposed options, and the identical coiled plates design was chosen. The final 

design showed an even current distribution across the AC busbar. The innovative busbar design allowed improved 

current sharing without increasing the complexity of assembling the SOP. 

One of the key challenges of the design process was to enclose the SOP converter in an optimised configuration to 

achieve ease of access, reduced footprint and simplified cooling. A modular design was identified as the ideal solution 

to overcome the above-mentioned challenges. Different modules used for both the two-terminal and three-terminal SOPs 

provided an effective way to exploit the full capacity of the SiC MOSFETs. In fact, the modules are compliant for EMC, 
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have low cooling requirements, and are compact enough to minimise the volume and size of the SOPs. Many of the 

components are also used in the SPB to improve ease of design and testing.  

 Soft Power Bridge   

The SPB is a first of its kind power electronics device for high-powered applications. The use case in medium voltage 

and scenarios with large power transfers presented a number of unique challenges, requiring an innovative design and 

a series of balanced engineering sub trials required on a component level to produce a final device ready for a live 

network demonstration. 

The SPB has three local controllers, one for each converter, and a master controller. The control architecture is 

characterised by a single control interface, which allows better interaction within the SPB modules. Similar to the SOPs, 

a PLECS model was used for detailed simulations of the SPB and its interaction with the network. The outcome of these 

advanced simulations and validations led to the definition of a suitable ‘soft turn-on’ procedure, which was implemented 

in the control software of the PED in order to guarantee the smooth and safe operation of the unit with minimised in-rush 

currents and harmonics.   

A similar simulation based approach was used for the PWM filters design and development. Though the filters were 

initially designed to avoid poor electrical performance, the initial tests demonstrated a high level of harmonics on the 

current and voltage of each component. To address this issue, the SPB circuit was optimised and the filter topology was 

modified; as a result of this optimisation, the input AC filter was set as a passive L filter, and the output AC filter was set 

as a T filter.  

To keep the size and cost of the components low and efficient, the SPB is designed to have a partially rated set of 

converters in parallel with the 11kV supply. This enables the power electronic modules to have a similar architecture and 

components to the two-terminal SOP but transfer significantly more power at a higher voltage. The use of similar 

components to the SOP means that the SPB converters must not experience a voltage >1.7kV or a current >350Arms. 

An isolation transformer is used to isolate the components and allow them to ‘float’ between the two voltages of the ports 

connected to the 11kV network. This aims to keep the voltage across the components below their maximum rated voltage 

of 1.7 kV. 

As described above, the instantaneous voltage difference across the SPB is required to be less than 1.7kV or, in other 

terms, no more than a difference of 8° of the two voltage vectors. Measurements at several UK Power Networks 

substations were taken, and in all cases the phase angle was less than 8° (in the majority of cases it was significantly 

less than 8°). This provided confidence that the voltage limitation of the SPB should not be an issue in the Active 

Response trials and deployment across the wider UK Power Networks licence areas.  

A critical component of the SPB is the SSSS – the primary means for interrupting the current in case of a fault or abnormal 

operation. The SSSS acts as a protective device to ensure the current does not reach an unsafe level. It is able to 

disconnect the SPB within 5μs, in order to ensure the components are not damaged due to high fault currents in 11kV 

networks.  

A key difference between the SOPs and the SPB is the synthesis of the three-phase voltage. The SPB consists of a 

three-phase to single-phase converter connected via a DC bus for each phase of the 11kV voltage. The power electronic 

module in the SPB consists of two dual SiC MOSFETs modules connected in series with a 1500V DC bus voltage. The 

DC busbar and the power capacitors are much larger than the components in the SOPs to accommodate higher voltage.  

The power electronic module, containing the converter, is a large subset of the SPB with many interfaces and 

components. As such, fitting the testing probes and taking measurements was a challenging task due to the complexity 

of the module. In order to improve the testing procedure, it is recommended to use a purpose built testing rig to allow 

operators to easily access all the required measurement points. 
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Unlike the SOP, the SPB operates at a higher voltage, so phases must be electrically isolated from each other and all 

the components of each phase must be in their own compartment. Therefore, the SPB is designed as a modular 

enclosure consisting of an electrically isolated compartment for the individual converter of each phase, a compartment 

for each of the 11kV supplies (in/out cubicles), a control compartment and a cooling compartment. 

The design and testing of the SPB cooling system is a fundamental activity required to finalise the mechanical envelope 

of the unit. A specific rig was developed by the design team in order to run tests on the cooling system that is part of the 

fully assembled unit. A number of installation techniques were evaluated during the development of the cooling system. 

In particular, the project team identified the opportunity to install the system as a module of the SPB, which would be 

bolted to the main enclosure framework in order to speed up the assembly time. 

In order to meet the SPB target weight and dimensions, the isolation transformer has been designed as a standalone 

unit that is cable connected to the SPB enclosure. Situating the transformer outside the SPB enclosure increases the 

flexibility of the solution. Being able to change the layout of the equipment easily means the SPB can be installed in a 

wider variety of substations. 

9.2 Next Steps 

Following the completion of the testing of the PEDs, and the formal acceptance of the units by UK Power Networks’ 

TDA, the hardware development team will focus on the installation and commissioning of the units in readiness for the 

project trials. In particular, the following key activities will be performed:  

 Preparation of all supporting documents such as commissioning and O&M manuals; 

 Collaboration with the site preparation team to ensure that sites are ready to accept the PEDs; 

 Organisation of SOPs shipping; 

 Organisation of SPB shipping; 

 Continued end-to-end testing as required to ensure successful trials;  

 Continued fine tuning of the PED control units to ensure successful trials; 

 Ad hoc changes to the PEDs to ensure successful installation; and 

 Ongoing support for maintenance and troubleshooting. 

Further learnings related to the SOPs and SPB will be released in the next Project Deliverables. These will include: 

 Learnings from the successful integration between the PEDs and UK Power Networks’ ANM system. This will 
be described in Project Deliverable 4 (Learning from commissioning and operation of Active Response software 
solution tools).   

 Learnings from the successful installation and commissioning of the SOPs and SPB. This will be described in 
Project Deliverable 5 (Initial learnings from the installation and commissioning of Active Response hardware).   

As a final note, engagement with the ENA is considered key for the successful standardisation of power electronic 

devices for grid applications. In the future, a wider variety of PEDs will be available for the optimisation of power systems. 

This document should be used to inform the relevant stakeholders on the best way to proceed with the required 
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standardisation and to generate debate in the wider industry. More information on the Active Response project and the 

previously published deliverables can be found on our website9.   

                                                      

 

9   URL: https://innovation.ukpowernetworks.co.uk/projects/active-response/  

https://innovation.ukpowernetworks.co.uk/projects/active-response/

