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Abstract 

This paper describes the UK Power Networks innovation project ‘Active Response’, where three different types of Power 

Electronics Devices (PEDs) are deployed on the 400V Low Voltage (LV) and 11kV High Voltage (HV) network to 

demonstrate the benefits of soft meshing in distribution networks. The PEDs, developed in partnership with Turbo Power 

Systems (TPS), can be deployed to achieve power sharing between adjacent feeders and reduce loading on assets supplying an 

area with high penetration of Low Carbon Technologies (LCT). This approach can provide a more flexible solution, when 

compared to traditional network reinforcement. The objective of the paper is to present the architectures developed and the 

challenges overcome in their realisation before proceeding to network demonstration

1. Introduction 

UK Power Networks is the electricity distribution network 

operator (DNO) for three licensed networks, South East 

England, the East of England and London which together 

cover an area of nearly 30,000 square km and deliver 

electricity to over 8 million homes and businesses.  

One of the key targets of UK Power Networks is to enable 

the uptake of LCTs at the lowest cost to customers. For 

DNOs, the uptake of LCTs has been rapid and in the absence 

of innovative and smart solutions, significant reinforcement 

will be required – with the costs being borne by customers. 

The Ofgem funded innovation project Active Response aims 

to release latent network capacity, improve network 

performance, support the uptake of LCTs, and help UK 

Power Networks achieve their Net Zero ambition. Active 

Response proposes to achieve this through the active 

reconfiguration of the electricity network and the use of 

PEDs. The application of these solutions provides a range of 

benefits, including deferral of costly reinforcement, by 

actively controlling power flows and voltage levels on the 

Low Voltage (LV – 400V) and High Voltage (HV – 11kV) 

networks.  

It is anticipated that, if successful, Active Response solutions 

could save customers £271m in reinforcement costs by 2030. 

This is equivalent to approximately £9.34 from every 

electricity customer’s bill. 

 

1.1 Challenge 

 

The application of PEDs enables existing asset usage to be 

optimised, ensuring maximum available capacity at any time 

of the day through dynamic functions including feeder 

balancing, phase balancing, voltage equalisation & 

optimisation, power factor correction and current harmonic 

reduction. Several key considerations need to be made when 

selecting an appropriate PED solution: 

• Consideration must be given to lifetime and reliability of 

the PED, including simple replacement of key 

components. The scheme must consider impact to local 

consumers of the PED suffering a failure or downtime. 

• Protection of both the PED and distribution network is 

critical and, along with addressing power quality 

compliance, this is one of the dominant cost factors. Line 

rating and fault current drive PED size and cost and so 

avoiding connection of a PED in series with the feeder is 

advantageous in respect to solution viability. 

• Size, footprint, security and safety are all key 

considerations, as is the need for the PED to be near 

silent. This determines a need for the switching frequency 

to be ultrasonic, impacting architecture selection and 

feasibility at ratings from hundreds of kW to several MW. 

 

1.2 Methodology and Approach 

 

Active Response Deliverable 2 [1] details a trial scheme 

where ‘meshes’ are created by deploying PEDs across a 

Normal Open Point (NOP) at various locations within a 
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distribution network. Inclusion of the PEDs creates Soft 

Open Points (SOPs), these being controllable links across 

which power can be transferred without the fault level issues 

associated with hard meshes needing to be considered.  

2. PED Design and Build 

2.1 LV Soft Open Point PEDs 

 

The LV SOP converter is comprised of multiple 3-phase 

inverters connected via common DC bus. The number of 

inverters is equal to the number of 3-phase feeders, or 

‘terminals’, that are to be meshed. Additionally, a higher 

rated single phase inverter is deployed to control power flow 

in the neutral to achieve independent phase power transfer 

and balancing.  

 

The LV SOP is deployed in both two terminal (2T) and three 

terminal (3T) configurations with 240 kVA and 400 kVA 

rating, respectively. Both versions use forced air cooling, two 

level inverter architectures with Silicon Carbide (SiC) 

MOSFETs that can be switched at 20 kHz, this high 

switching frequency addresses the need for highly efficient 

and silent operation. Each three-phase inverter comprises of 

three ‘limb’ modules which can be replaced in service to 

reduce downtime for repair, as illustrated in Fig.1. Each limb 

can accommodate either two or three dual MOSFET 

modules, connected with parallel output, achieving desired 

rating of both configurations using common ‘limb’ assembly.  

 

The design of the ‘limb’ modules had to address several 

significant challenges. Given the high switching frequencies 

relative to the high-power levels, minimising parasitic effects 

was critical in ensuring reliable operation. To achieve this, 

the gate drivers are mounted directly on the MOSFET 

modules, thus minimising distances between the driver output 

and the gate of the device. Moreover, the Drain and Source 

terminals are mounted directly to the two DC (DC+ and DC-) 

bus bars. Even with these mitigations, snubber capacitors 

mounted directly on the MOSFET terminals are necessary to 

counter effects of voltage spikes at Gate turn on and turn off.  

 

2.1.1 Two Terminal (2T) LV SOP: Illustrated in Figs.2 and 3, 

comprising two inverters (each comprised of three limb 

modules), a neutral limb converter and associated filtering, 

protection and control. Achieving the target footprint and 

volumetric envelope required for suitable installation in the 

public highway proved to be a significant challenge. A unit 

size of 2600 (w) x 1710 (h) x 530 (d) mm was achieved with 

single sided access to enable installation at the non-roadside 

edge of the pavement; this being a critical requirement to 

maximise the pavement area available for pedestrian foot fall. 

With such a narrow depth requirement, thermal design and 

management of losses proved to be a significant challenge. 

 

At the time of design, high power SiC MOSFETS were still 

very much in their infancy. Upon completing double pulse 

and device characterisation tests on the proposed MOSFET, 

the Resistance between Drain and Source (RDSON) was found 

to be higher than initially published by the manufacturer. The 

resulting ~27% increase in power losses was such that, either 

the rating of the unit would have to be compromised or a 

higher audible noise output tolerated due to increased air flow 

for removal of the additional loss and/or use of lower 

switching frequency to reduce the loss generated in the 

devices. Both options were unacceptable and without having 

the degrees of freedom to increase the size of the unit, it was 

necessary to validate a wider selection of MOSFETs against 

their published performance data using a common test 

approach. This led to an alternative device being selected 

with validated RDSON of 4.2 mOhm. 

 

 
Fig.1: Line replaceable LV SOP inverter ‘limb’ module 

 

A justification for the use of SiC devices with fast switching 

speed is the resulting low ripple output which drives a 

compact design for the, typically large, Pulse Width 

Modulation (PWM) filtering inductors. In reality, 

determining a solution which met the target size envelope and 

loss characteristics proved extremely difficult from what was 

a limited supply chain at this power and frequency level. 

Optimisation of core, winding and gap losses using high 

performance grade 6.5% silicon steel magnetic material, thin 

strip foil windings and multi gap core segmentation were all 

necessary to achieve a design with 330 W loss per inductor. 

The initial inductor testing highlighted significant errors 

between quoted and actual performance in the order of 20-

30%. The specification was clearly pushing the boundaries of 

the supply chain modelling capabilities used to size the 

inductor design due to the complex high frequency loss 

mechanisms. This was resolved by applying in house Finite 

Element magnetics Analysis (FEA) at TPS to validate design.  

 

2.1.2 Three Terminal (3T) LV SOP: Illustrated in Figs.4 and 

5, comprising three inverters a neutral limb and associated 

filtering, protection and control integrated into four separate 

enclosures for installation into a secondary sub-station. 

Although not constrained as acutely as the on-street 

application, equipment size must still be minimised given the 

potential for congested substations. Critically, the size of 

SiC MOSFETS and Gate Driver DC+ Bus Bar 

DC- Bus Bar AC Output Snubber 

Capacitors 
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each enclosure needs to facilitate entry into the substation via 

existing access doors(s). 

 
Fig.2: Two terminal (2T) LV SOP converter schematic 

 

 
Fig.3: Two terminal (2T) LV SOP ‘On street’ converter 

This being the case, loss management was again a critical 

consideration. In common with the 2T device, design of an 

appropriate PWM inductor proved challenging, not least as 

an additional 67% rating needed to be achieved relative to the 

2T device. A design was concluded using high performance 

powder core blocks to form a low loss core with multiple 

gaps, achieving total loss of 451W per inductor. The inductor 

assembly for a single 3T inverter is illustrated in Fig.6, 

including both PWM and Grid inductors required in the filter 

design; a requirement for each phase given the inherent 

imbalance. 

 

2.2 HV SOP PEDs – The Soft Power Bridge 

 

Soft Meshing at HV level is performed using a HV SOP 

device called the Soft Power Bridge (SPB) which comprises 

of 1200V series connected SiC power MOSFETs [2]. 

Whereas the LV SOPs comprise fully rated ‘back to back’ 

inverters, the SPB has fundamentally different design and 

operation requiring it to be rated only at 15-20% of the 

meshed network rating. This results in a design that achieves 

a lower cost and smaller size relative to a Modular Multi 

level Converter (MMC), this being the fully rated ‘back to 

back’ solution that would need to be considered at HV if not 

considering SPB. 

 

Fig.4: Three terminal (3T) LV SOP Converter Schematic 

 

 
Fig.5: Three Terminal (3T) LV SOP Converter 

 

 
Fig.6: Three terminal (3T) LV SOP inductor assembly 

2.2.1 SPB Principle of Operation: The SPB is based on the 

principle of a Unified Power Flow Controller and as such 

achieves a balancing affect across two HV feeders using 

injection of voltage vectors, see Fig.7. A 1 MVA rated SPB 

device is able to control the transfer of 5 MVA between 

Feeder A and Feeder B within, an envelope of operation as 

defined by the green box in Fig.8. This demonstrates that at 

the expected worst case phase angle imbalance of 8 degrees 

between feeders A and B, determined from network 

measurements, SPB can provide voltage control (ΔV) of 

~9%. At lower phase angle imbalance, higher control 

voltages are possible up to the SPB capability limit of 17%. 

Neutral ‘limb’ 

Inverter B ‘limb’ modules Inverter C ‘limb’ modules 

Inverter A ‘limb’ modules 

Grid Inductors 

L1 
L2 

L3 

PWM Inductors 

Neutral 

‘limb’ 

Inverter B ‘limb’ 

modules 

Control Cards 

Inverter A ‘limb’ 

modules 
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Fig.7: SPB principle of operation 

 

Fig.8: 1 MVA rated SPB operating envelope (green) 

2.2.2 SPB Design and Realisation: The SPB configuration, 

Fig.9, comprises three 330kW rated water cooled converters, 

Fig.10, each with 3 phase active rectifier front end, supplied 

via 11kV/850V step down transformer, and H-bridge output 

inverter to control the voltage vector across the mesh. The 

power module requires close coupling of the drivers, 

MOSFETs, snubber capacitors, DC link busbar and 

capacitors to minimise parasitic effects. During a fault 

condition, the differential voltage between phases can exceed 

the converters’ rating, hence a fast acting, semiconductor 

‘HV Switch’ is used to protect the converters. The switch 

comprises series connected IGBTs and is water cooled to 

remove the resulting 30kW ON state losses at rated load. 

 

3. Results 

Results are presented with a view to validating the 2T LV 

SOP and HV SOP (SPB) in context to the challenges 

described above. 

 

Fig.9: Soft Power Bridge system schematic 

 

Fig.10: Converter cubicle  

3.1 Two Terminal (2T) LV SOP Testing 

3.1.1 Power Quality: Total Harmonic Distortion (THD) of 

current is shown in Table 1 demonstrating the requirement of 

3.8% (ER G5/5) being comfortably met for rated power in 

both directions, confirming effectual filter design. 

Table 1: Current THD for 2T LV SOP 

Load Substation A  

Converter (%) 

Substation B  

Converter (%) 

Req. 

(%) 

LA1 LA2 LA3 LB1 LB2 LB3  

-100% 1.23 0.77 0.88 1.16 1.05 1.25 <3.8% 

100% 1.01 0.81 0.88 1.04 0.80 1.15 <3.8% 

3.1.2 Thermal Performance and Efficiency: Illustrated in 

Fig.11 is thermal data from a full load heat run. Critically the 

PWM inductors reach a modest ~500C with cooling fans 

operating at full speed, enabling lower speeds to be 

considered to further reduce unit audible noise if required. An 

efficiency of 97.1% is achieved at full load with losses of 

7.5kW, including 4.1 kW attributable to the MOSFETs, 

confirming viability of the challenging PED footprint.  

Power Module 
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Fig.11: 2T LV SOP component temperatures 

3.2 HV SOP (SPB) Testing 

Testing of SPB converters was undertaken by connecting two 

converter cubicles in a back to back configuration. 

3.2.1 Power Quality: The current THD is illustrated in Table 

2 at both low and rated load. Even for the worst case low load 

condition, THD at the input supply comfortably meets the 8% 

maximum requirement. 

Table 2: SPB Total Current Harmonic Distortion results 

Load Input (%) Output 

 (%) 

Req.  

(%)  L1 L2 L3 

35% 5.58 5.33 5.64 2.64 <8% 

100% 2.47 2.01 1.93 3.28 <8% 

3.2.2 Thermal Performance and Efficiency: Illustrated in 

Fig.12 is thermal data from a full load heat run. As expected 

for the SPB, the filter inductors see the highest temperatures 

with the cores of the input inductors reaching worst case 

temperature of 960C. This is projected to remain within the 

1100C requirement at higher ambient temperatures to limit 

heat rejection into the unit; thus enabling target lifetime of 

the power capacitors to be met. The use of SiC devices 

enables very low conduction losses for the power MOSFETs. 

This, combined with the fact that the losses in the inductor 

are biased toward core loss, result in a relatively ‘flat’ 

efficiency nearing 96%, see Fig.13. The losses in the 

MOSFETS at full load per converter of 5.6 kW, 

approximately half of the 11.3kW losses measured, result in 

acceptable cold plate temperatures of 430C. It should be 

noted that the ~4% converter loss applies only in part to the 

mesh rating. For comparison, an MMC of 5MW rating would 

need to perform to 98.7% efficiency to achieve the same loss 

of the SPB when taking into account the HV switch loss. 

 

 

 

Fig.12: SPB component temperatures (L = Inductor) 

 

 

Fig.13: SPB efficiency and loss dissipation per converter 

4. Conclusion 

Solutions for meshing of distribution networks using PEDs 

require several practical challenges to be overcome. Solutions 

based on SiC technology can address these challenges, as 

have been demonstrated here for LV and HV meshing. To 

enable the benefits of SiC, the criticality of high frequency 

inductor design, power device characteristics and the PED 

layout itself need to be considered and addressed through 

careful design and selection. Compact, silent and efficient 

designs can be achieved as a result. 
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