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ABSTRACT 

Western Power Distribution was funded through the Low 

Carbon Networks Fund to deliver an innovation project, 

Network Equilibrium. A key technical method of this 

project was a 33kV AC-DC-AC power electronics based 

“Flexible Power Link”. This device enabled two 

previously separate and distinct networks to operate in 

parallel to enable load and generation on the system to 

be effectively managed across the complete integrated 

network, mitigating traditional network reinforcement 

requirements for new load and generation connections. 

This management is carried out through the real-time 

optimisation of both real and reactive power on either 

side of the device. The performance and benefits of 

integrating an MVDC device in to an otherwise AC 

system will be discussed.  

INTRODUCTION 

Western Power Distribution was funded through the Low 

Carbon Networks Fund [1] to deliver an innovation 

project, Network Equilibrium based in the South West of 

England. A key deliverable of the project was the design, 

testing, implementation and operation of a 33kV AC-DC-

AC Voltage Source Converter (VSC) named a Flexible 

Power Link (FPL).  

 

The connection of Distributed Generation (DG) on the 

existing network can impose thermal and voltage 

constraints. These constraints are caused by the generator 

imposing power flows which exceed the ratings of cables, 

overhead lines or transformers, or changes in system 

voltage which exceed the statutory limits of the network, 

±6% at 33kV [2]. Therefore, developing new 

technologies that can enable control of both power flow 

and voltage on the system without the need for wide scale 

investment and reinforcement is necessary to ensure 

Distribution Network Operators (DNO) are able to adapt 

their networks to accommodate new DG connections. 

 

The implementation of the FPL enabled two previously 

separate and distinct 33kV networks to, for the first time, 

be operated in parallel; enabling the transfer of real (P) 

and reactive (Q) power to ensure that each element of the 

network operates within its ratings and design conditions.  

 

The FPL ensures that the power flow and voltage of the 

overall network can be suitably managed to maximise the 

amount of generation and load that can connect to the 

now interconnected network. 

 

Following the implementation of the FPL on the network 

[3] this paper will discuss its performance to date 

including, the process of optimising the P and Q set 

points of the FPL, technical performance of the device 

and the wider system benefits of implementing this 

technology over traditional asset investment. 

OVERVIEW OF THE NETWORK 

EQUILIBRIUM PROJECT 

The focus of Network Equilibrium is to balance voltages 

and power flows across the distribution system, using 

three methods to integrate distributed generation within 

electricity networks more efficiently and delivering major 

benefits to distribution customers. 

 

The Problem that Network Equilibrium addresses is that 

electricity infrastructure in the UK was originally 

designed and developed for passive power distribution 

requirements. As a result, the integration of significant 

levels of low carbon technologies (LCTs) within our 

present electricity networks can cause voltage 

management and thermal issues. For business as usual 

(BAU) roll-out we need to develop solutions, which take 

a strategic engineering approach, considering the whole 

system and not solving constraints on a piecemeal basis. 

The problem was investigated using three methods, and 

their applicability to 33kV and 11kV distribution 

networks assessed. Each involved testing within South 

West England: 

 

 Enhanced Voltage Assessment (EVA) enhancing 

computer simulation processes and systems to 

calculate and predict the need for and benefit of the 

two other project methods; 

 System Voltage Optimisation (SVO) installation of a 

real-time, centralised, 11kV and 33kV voltage 

optimisation system; and 

 Flexible Power Link (FPL) installation of a 33kV 

Medium Voltage Direct Current (MVDC) device to 

optimise real and reactive power. 
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NEED FOR MVDC TECHNOLOGY 

Traditional reinforcement solutions to both voltage and 

thermal issues have traditionally involved the 

replacement of existing assets and equipment, such as 

transformers, cables and overhead lines with larger 

equivalents that have a higher current carrying capacity. 

In some instances reinforcement can also involve the 

construction of complete new circuits and assets. 

Historically these solutions have been suitable and 

proportionate to the problems identified; however, the 

nature of generation on the UK network is changing 

dramatically. Generation is now becoming increasingly 

decentralised, where significant amounts of generation 

connections are at distribution level rather than on the 

transmission system. In addition, the generation sources 

are becoming more variable in nature, utilising natural 

resources such as wind and solar radiation rather than 

coal and gas. This has resulted in ephemeral issues being 

created on the distribution network that are much more 

unpredictable based on load requirements and weather 

conditions as an example. Therefore, the installation of 

expensive new or uprated assets for a constraint that is 

present on the network for a short period of time, or for 

times when the network is running in abnormal 

conditions, has become increasingly difficult to technical 

or financially justify.  

 

The need for solutions that can provide additional 

capacity to the complete system is now paramount to 

ensure that the distribution network can be suitably 

augmented as required to suit the current and future needs 

of generator and load customers alike. These solutions 

aim to optimise the performance of existing assets 

meaning that large-scale, often offline, building of 

expensive new assets is no longer required. The Network 

Equilibrium project, at its conception stage, investigated 

suitable alternative technologies that could be 

implemented on the distribution system to release the 

existing latent capacity. Following research of currently 

available options, such as Quadrature Boosters (QB) and 

Unified Power Flow Controllers (UPFC), it was 

determined that an approach taking learning from 

previous High Voltage Direct Current (HVDC) 

installations implemented on the transmission network 

would deliver the benefits required to the current and 

future distribution network issues. 

FPL DESIGN AND INTEGRATION 

Device Design 

The design of the FPL was principally built upon the 

application of a HVDC interconnector, whereby the 

magnitude and direction of power flow can be controlled 

to best suit the wider network. The FPL creates the same 

level of control using Medium Voltage Direct Current 

(MVDC) technology integrated within the existing 33kV 

Alternating Current (AC) system. The critical benefits of 

employing this technology, to connect two previously 

separate networks, is the capability to disregard any 

difference in network vector groups and not to negatively 

impact the system fault level, which could be to increase 

or decrease the short-circuit contribution from a section 

of network, through the implementation of a DC link.  

 

 
Figure 1: FPL Connecting two separate 33kV systems 

 

The principal requirement of the FPL was to be able to 

deliver real power and reactive power simultaneously to 

the system on both sides to control and manage the 

thermal and voltage on either network. The operational 

performance of the FPL is illustrated in Figure 2, which 

demonstrates, at different voltages, the capability of the 

device.  

 

 
Figure 2: P and Q operating of FPL 

 

The integration of power electronics and the switching 

properties of the device meant that significant device 

design was required to ensure that the harmonic 

contribution of the FPL to the wider network, in line with 

G5/4 [4], was suitably managed. This mitigation centred 

on the transform design, for lower order harmonics, and 

the installation of 33kV harmonic filters [5]. 
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Integration 

The network design of the FPL was implemented so that 

the FPL could be safely integrated within the existing 

33kV system and appropriately operate across its 

operating window to successfully manage voltage and 

power flow violations on the network. A comprehensive 

system design was undertaken to ensure that the network 

was protected from any mal-operation of the FPL or the 

FPL from a network fault or event – the design detail 

centred on the arrangement of the 33kV switchgear and 

the protection philosophy employed [5]. 

 

 
Figure 3: Arrangement of the FPL switchgear 

PERFORMANCE OF FPL 

Power Balancing 

Following the installation of the device on the live 33kV 

system the performance of the FPL was demonstrated in 

a selection of operating modes. The principal operating 

modes were utilising both real and reactive power, with 

the focus on real power in mode 1 and reactive power in 

mode 2 to provide the network solution. 

 

In order to fully test the operation of the FPL the system 

violation limits of the network assets have been reduced 

compared to what they would be on a business as usual 

implementation; this allowed the FPL to be driven in to 

operation and present the following information. 

 

The operation of the FPL with respect to its primary 

solution mechanism being the infeed or absorption of P 

was demonstrated with reduced load firm capacity. 

Figure 4 shows the performance of the FPL. It can be 

seen that the utilisation of the FPL centres on morning 

and evening peaks, where one network has a significant 

amount of spare capacity (as designed in the artificial 

limits application) and can be used to support the network 

reaching its violation limits.  

 

 

 
 

Figure 4: Performance of FPL utilising P 

 

In demonstrating the performance of the FPL in P and Q 

mode, but with the emphasis on Q, the voltage limits for 

the FPL to regulate were set at ±4% (opposed to the 

statutory limits of ±6%) to enable the demonstration of 

the FPL’s operation. There is a significant amount of 

generation connected on the feeder between the group 1 

network and the FPL; this generation was previously 

connected in to the group 2 section, where the voltage 

rise was mitigated by the load connected to the same 

system. It can be seen in Figure 5, which demonstrates 

the reactive power on group 1 of the FPL (Q1) operating 

between 0MVAR and -5MVAR, indicating that the FPL 

is absorbing reactive power to ensure that that voltage 

remains within limits to support the connected 

generators’ operation. The graph demonstrates a week’s 

operation of the FPL and it can be seen that for the 

majority of the week the level of reactive power being 

absorbed is just over -1MVAR, however, towards the end 

of that week the value rises to -5MVAR; this aligns with 

a sunny and windy weather condition meaning that the 

level of generation output connected on the system at that 

point was towards its maximum. This provided a robust 

test case for the operation of the FPL as the wider system 

voltage was kept within limits at all times. 

 

 
Figure 5: Performance of FPL utilising Q 
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Centralised Control System 

In order to control the operation of the FPL on site, in 

terms of P and Q values, a centralised control system was 

developed and implement, which utilises real-time 

signals through the Network Management System (NMS) 

to run a power system load flow to determine the P and Q 

values required to mitigate any network violation [6]. 

 

 
Figure 6: FPL Control Module screenshot 

 

Critical to the learning of the operation of the FPL was 

the relationship between the real-time calculation 

methodology for its required operation, driven by the 

FPL Control Module, and the device’s capability to 

respond as required to the Control Module’s signals. 

Using the Q operating example in Figure 5, which shows 

the calculated value from the Control Module (in blue), 

the active output of the FPL from the Control Module 

read back (in red) and the output as captured in our NMS. 

It can be seen that whilst the trend of the actual output is 

aligned with the calculated values there is, in some 

instances, an off-set between these two values. This off-

set is driven by the internal algorithm of the FPL, which 

translates the signal from the Control Module to the 

operation of the device as well as the accuracy of the 

measurement devices on site. As part of the Control 

Module development a relatively small difference in 

these values was allowed for and the operation of the 

FPL, to date, has been within these limits. As seen in the 

graph once the FPL operates at a greater reactive power 

value the data points are much closer aligned, which is 

driven by reduced impact of the power measuring devices 

(current transformers) inaccuracies. This has also been 

demonstrated operating the FPL in P mode. 

IMPACT AND BENEFITS ON THE 

DISTRIBUTION NETWORK 

The aim of the implementation of the FPL in to an 

existing 33kV network was to demonstrate that an 

alternative to traditional asset reinforcement is not only 

possible but also beneficial in terms of capacity release 

and cost.  

 

To consider the capacity release for generation and load 

to connect to the network a power system model plugin, 

developed as part of the EVA project method, was used 

to demonstrate the maximum capacity release for the 

installation location of the FPL and three other potential 

FPL sites. The results are demonstrated in Figure 7. 

 

 
Figure 7: Increase in generation capacity flexibility using 

FPL 

 

The graphs demonstrate the capacity for the level of 

generation to be increased on each side of the FPL, where 

the total capacity release is the combination of the two 

sides’ capacity release. The average total capacity release 

borne by the installation of an FPL is 22.5MW, with the 

maximum site capacity release being 29MW and the 

lowest 16MW.  

 

The financial benefits have been developed through 

understanding the costs for implementing a solution to 

release the same capacity using traditional methodology, 

such as large cable and overhead assets and transformers. 

The post-trial costs of implementing an FPL on the 33kV 

network are estimated to be £5.6M ($7.2M) against the 

traditional reinforcement cost of £15M ($19.2M) [1]. 

This demonstrates a financial saving of £9.4M (£12M). 

This financial benefit is based on the average capacity 

release value. 

 

As well as the financial and capacity release benefits 

there are a number of other benefits of implementing an 

FPL over traditional solutions. A key benefit is the offline 

build capability of the FPL, opposed to the replacement 

of assets requiring a significant number of network 

outages and system reconfigurations. This enables a 

much faster release of the capacity without the need for 

customers’ security of supply to be affected for a 

considerable amount of time – this can have significant 

benefits when considering emergency return to service 

plans and the additional financial investment required to 

ensure the risks of circuit outages are within acceptable 

limits.  
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Once installed there are also a number of other, largely, 

operational benefits to employing an MVDC device 

within a distribution network. The use of a power 

electronic switching device enables a much more 

granular control of voltage than traditional solutions, such 

as Automatic Voltage Control (AVC) schemes. This 

increased control means that transient changes in the 

network, caused by intermittent operation of wind and 

solar generation, are more accurately controlled, which 

means that the complete network is constantly kept 

within limits and the risk of erroneous tripping of the 

system is reduced.  

LEARNING 

The key learning from the installation and operation of 

the FPL has been that the device can successfully manage 

both real and reactive power flows to ensure that two, 

previously distinct, networks can be integrated and 

optimised for both load and generation capacity increase 

whilst delivering financial savings and releasing that 

capacity faster than using traditional solutions.  

 

Other key technical learning through the operation of the 

FPL has been in relation to the fast control and protection 

operation of the device. As described above, the FPL 

enables rapid and granular control of both the power flow 

and voltage on the system providing increasing stability 

to the complete network operation, which is often 

reduced through the increase of significant DG on a 

particularly system. However, through the operation of 

the FPL it was learned that due to the speed and accuracy 

of the device it operated much faster than the AVC 

schemes, and other traditional systems to control the 

network voltage, which under an FPL disconnection (for 

a remote network trip for instance) where the FPL had 

been successfully keeping the network within its limits 

the AVC schemes, when called to regulate the voltage 

were put under stress as they now had to provide a 

significant amount of regulation and in some instances 

caused issues. This is to be considered when 

implementing an FPL, or a similar device, on how the 

traditional and new methods of regulation can be 

integrated and operated together to ensure that issues of 

voltage step change and regulation do not occur for a 

fault on the wider network.  

 

It was also learnt through the technology trials that the 

operation of the FPL protection is much faster than 

traditional protection systems on the network, particularly 

standard overcurrent and earth fault protection. This was 

seen for an earth fault on the wider FPL network, 

whereby the FPL disconnected from the system before 

the closest protection device on the network, which 

initially led to thoughts that the FPL had faulted. The 

overall protection schemes and interactivity of the 

protection devices, inclusive of the FPL, should be 

closely considered to ensure that there is both no 

misunderstanding of protection operation or most 

importantly no mal-operation of a complete protection 

scheme due to the rapid operation of the FPL, meaning 

that additional customers are disconnected in a system 

fault scenario. 

CONCLUSIONS 

The implementation and performance of the FPL has 

demonstrated that it is both a valid technical alternative to 

traditional network reinforcement methodologies and 

when employed effectively delivers a significant cost 

saving.  

 

The integration of a DC device in to an AC system has 

shown significant value in mitigating issues, such as 

vector group variation and fault level increase, to enable 

increased network connectivity, however, wider 

protection and control impacts must be fully and 

appropriately considered prior to implementation to 

ensure no detrimental impacts are seen from such a 

device’s inclusion to a network. 

 

Following this trial and the learning generated it is 

recommended that the implementation of DC 

technologies in to an AC system can deliver significant 

benefits and should be considered when the need for 

additional system capacity is required. 
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