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ABSTRACT 

This paper presents the trial results of a real-time, 

centralised voltage control system for 33kV and 11kV 

electricity distribution networks, called System Voltage 

Optimisation (SVO). System Voltage Optimisation 

dynamically adjusts the previously static target voltage 

settings of the substations’ voltage control relays in order 

to release network capacity and has been implemented 

and trialled in the UK by Western Power Distribution as 

part of the Network Equilibrium innovation project. The 

trials of System Voltage Optimisation have proved the 

successful operation of the technology and provided 

valuable knowledge on the capability of optimising 33kV 

and 11kV network voltages in real time.   The learning 

gained on the operation and performance of the 

technology through the analysis of the trial results is 

discussed in this paper. The usage of the trial results to 

improve the power system analysis planning tool that has 

been developed and the evaluated capacity benefits are 

also presented in this paper. 

INTRODUCTION 

As part of the continuous transformation of the UK’s 

electricity distribution network to a smarter, low carbon 

grid, the amount of low carbon technologies connected to 

the network is rapidly increasing. These include among 

others, electric vehicles, heat pumps and Distributed 

Generation (DG). All of these technologies contribute to 

the reduction of carbon emissions in electricity networks 

and have a significant role to play in meeting one of the 

main targets set to face climate change, the global carbon 

reduction targets. 

 

Ensuring that the electricity distribution network can 

continue to facilitate the connection of low carbon 

technologies is therefore very important to network 

operators. These technologies, however, usually cause an 

increase in the voltage at the point of connection, 

meaning that the amount of connections that can be 

supported by the existing network depends on the 

headroom available before the upper statutory voltage 

limit [1] is reached. This headroom is further limited by 

the traditional voltage control methodology which, 

historically, has kept the voltage statically high. 

 

As part of the traditional voltage control methodology, 

Automatic Voltage Control (AVC) relays instruct On 

Load Tap Changers (OLTCs) to maintain the voltage at 

the substation close to a fixed, pre-determined value. This 

static target voltage value has been historically set as high 

as possible, ensuring that remote parts of the network 

remain within statutory limits under the worst case 

condition of maximum demand. Although this traditional 

voltage control philosophy is suitable for demand 

dominated networks, it can limit the capacity of modern 

electricity distribution networks with high penetration of 

embedded generation. For example, in the case shown in 

Figure 1, the connection of the new generator is not 

possible as it would cause the network voltage to exceed 

the statutory limit of 1.06 per unit. From Figure 1, it is 

also clear that lowering the static target voltage at the 

substation during times of high generation can lower the 

voltage profile of the network and increase the capacity, 

allowing the new generator to connect. 

 

Therefore, a voltage control system that adjusts the target 

voltage at the substations based on the real-time network 

operating conditions would overcome the restrictions 

imposed by traditional voltage control systems and 

increase the network capacity. This is exactly what 

Western Power Distribution’s (WPD) System Voltage 

Optimisation (SVO) technology has achieved. Since 

April 2018, SVO has been controlling the target voltage 

of 16 substations in South West England in real-time, 

optimising the 33kV and 11kV voltages in those 

networks. SVO has been designed, implemented and 

trialled as part of the UK’s Low Carbon Networks Fund 

Tier 2 project, Network Equilibrium [2]. 
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Figure 1 Existing and adjusted voltage profiles 
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SYSTEM ARCHITECTURE AND 

OPERATION 

The SVO system has been implemented using Siemens’ 

Spectrum Power 5 technology [3] and is controlling the 

target voltage settings of the AVC relays at eight 

132/33kV Bulk Supply Points (BSPs) and eight 33/11kV 

Primary substations in South West England. 

SVO acts as an external Control System which 

communicates with WPD’s Network Management 

System (NMS) to receive network monitoring 

information and send target voltage controls in real-time. 

 

In order to calculate the best target voltage for each of the 

sites it is controlling, SVO performs a state estimation 

first which provides a detailed view of the network 

operation.  SVO is able to estimate the state of the 

network using the electrical model of the network and the 

measurements of power flows, voltages and currents 

received by the NMS. After the state estimation 

completes, the optimisation calculation is run in order to 

find the optimal target voltage for each site which is then 

sent to the NMS and forwarded to the AVC relays on site. 

This is done continuously, in real time ensuring that the 

network voltages are optimised dynamically based on the 

actual network operating conditions. 

 

The overall system architecture is demonstrated in Figure 

2 and the detailed design and implementation strategy has 

been published in [4]. 

 

The centralised architecture of the system and the ability 

to perform state estimation has significantly increased 

network operation visibility as it provided estimates of 

the power flows and voltages at points in the network 

where measurements are not available. Distribution 

Network Operators (DNOs) generally have limited 

visibility of the real-time network operation since power 

flows and voltages are only measured at key points in the 

network such as 132/33kV or 33/11kV transformers and 

at points of connection of generation or load with 

capacity above a certain limit. This was sufficient for the 

passive, demand dominated networks we had before. As 

these networks become more complex with the 

connection of low carbon technologies and the bi-

directional power flows caused by distributed generation, 

the need for network operators to have a more detailed 

view of the network becomes even greater. For example, 

voltages no longer drop linearly along a feeder since 

distributed generation causes a voltage rise at the point of 

connection when it is exporting. This means that the 

feeder could be constrained at various points depending 

on the real-time behaviour of the load and generation 

connected to it, causing different parts of the feeder to be 

under stress at different times. In order to be able to 

safely optimise the voltages in the network, it is essential 

to know where and what types of network constraints 

exist at all moments in time. However, it is not feasible to 

install monitoring equipment everywhere as this can be 

expensive and impractical. The SVO system provided a 

solution to this problem with its centralised state 

estimation functionality which provided a detailed view 

of the entire network operation and enabled these 

moving, dynamic constraints to be identified in real time.  

 

Overall, the trials of SVO demonstrated the successful 

operation of the state estimation and the optimisation of 

voltages in 33kV and 11kV electricity distribution 

networks with limited network measurements. 

TRIAL RESULTS 

The trials of SVO have provided valuable knowledge on 

the actual capability of optimising the voltages in 33kV 

and 11kV networks in real time and enabled comparisons 

to be made with the theoretical window of target voltage 

amendment which was evaluated through power system 

studies at the planning stage of SVO and published in [4].  

 

An example showing the operation of SVO at a 

132/33kV substation during a week in November 2018 is 

demonstrated in Figure 3. In the graph, the SVO Set 

Points (brown line) and the voltage (blue line) at the 

substation are shown while the green and red squares are 

used to indicate when SVO was enabled / disabled at the 

site. The yellow line represents the traditional target 

voltage that would be applied at the site statically if SVO 

was not implemented.  

 

From the figure it can be seen that the optimal target 

voltage at this substation is lower than the traditional 

static target voltage for the majority of the time, 

demonstrating that voltages in the network would be 

unnecessarily kept high under traditional voltage control. 

The successful application of the SVO set points by the 

AVC relays on site can be confirmed from this graph, as 

the voltage at the substation closely follows the SVO set 

point when SVO is enabled. 

Figure 2 SVO System Architecture 
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Figure 3 SVO Operation at Tiverton 132/33kV substation 

 

An example showing the target voltage amendments 

performed by SVO at a 33/11kV substation during a 

week in November 2018 is demonstrated in Figure 4.

 
Figure 4 SVO Operation at Marsh Green 33/11kV 

Substation 

 

As can be seen in Figure 4, the target voltage that SVO 

calculates to be the optimal varies significantly with time 

and in some periods it is lower than the traditional target 

voltage of 10.9kV while in some other periods it is 

higher. Additionally, the measured voltage at the 

substation follows a similar trend as the SVO set point 

proving the successful application of the set point at the 

site.  

 

In the example of the 33/11kV substation shown in 

Figure 4, SVO changed the target voltage set point 66 

times during that week and the set point varied between 

10.65kV and 11.21kV. The actual window of target 

voltage amendment in that week was 57% wider than the 

estimated window in the studies performed in [4].   

 

In the example of the 132/33kV substation shown in 

Figure 3, SVO changed the target voltage 79 times during 

that week and the set point varied between 31.9kV and 

33.4kV, a window of target voltage amendment which is 

88% wider than the estimated window in the studies 

performed in [4]. 

In addition to the two examples shown in this paper, the 

trials of SVO across the various 33kV and 11kV 

networks have consistently shown that in reality there is 

significantly more headroom available to adjust the target 

voltage in real time compared to what can be estimated 

using traditional power system analysis tools. 

Additionally, the optimal target voltage set point of each 

site varies frequently depending on the real-time 

operation of the network, demonstrating the complex 

nature of our modern electricity distribution networks.  

This reinforces the need for a real-time voltage control 

system that responds to this complex, dynamic nature. 

SVO PLANNING TOOL 

A planning tool has been developed using Siemens’ 

Power System Simulator for Engineering (PSS/E) and the 

Python programming language. This tool enables the 

simulation of SVO at a chosen 132/33kV or 33/11kV 

substation as part of time-series analysis studies or in a 

snapshot study representing a specific operating scenario. 

The planning tool outputs in a Microsoft Excel file the 

estimated SVO set points for each study and the 

calculated capacity released from using SVO. A 

Graphical User Interface (GUI) has been developed as 

part of the tool, which enables the user to easily choose 

the network in which SVO needs to be simulated and 

other study parameters. The GUI, shown in Figure 5, also 

displays some key results from the analysis like the 

names of the busbars with the highest and lowest voltages 

and the voltages at those busbars. In the example of 

Figure 5, the Bowhays Cross 33kV network was chosen 

for analysis and the results show that the maximum 

voltage was at busbar 7451 at a value of 1.0229 p.u while 

the lowest voltage in that network was at busbar 7547 at a 

value of 0.9914 p.u. 

 
Figure 5 SVO Planning Tool GUI 

 

In order to ensure that the planning tool reflects real 

operation as much as possible, the simulated operation of 

SVO in the tool was compared to the actual SVO 

operation in the trials for the same week. As part of this, 

the 15 minute averages of the actual load and generation 

measurements  in that week were imported into the tool 

and the estimated SVO set points were compared to the 

actual target voltage set points that were sent by SVO in 

that period.  
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As the planning tool is not performing optimisation 

calculations like the more sophisticated SVO system is 

able to do, it is instead calculating the SVO set points by 

applying decrements to the default target voltage until it 

cannot be decreased further due to network constraints. 

For this reason, it was found that the planning tool was 

estimating less frequent set point changes and those 

changes were more conservative compared to the actual 

operation of SVO. In order to improve the tool, the logic 

was updated such that the target voltage was decreased 

less in each iteration, performing finer changes to the 

calculated set points and finding more solutions. This did 

not compromise the conservative nature of the tool, 

ensuring it can be used for planning purposes by giving a 

conservative assessment of the potential SVO operation 

on a 33kV or 11kV network.  

The learning gained from the comparison of the SVO 

planning tool with the real SVO operation in the trials 

was valuable in appreciating the similarities and 

differences between traditional planning activities and 

planning for smart technologies.  

 

Distribution Network Operators (DNO) in the UK have 

been traditionally planning the network considering worst 

case operating scenarios including for example, the 

scenario of the demand in the network being at its 

maximum value while at the same time the generation 

being at its minimum value or vice versa. Planning the 

network such that it can operate safely in those worst case 

conditions ensures that the network is safe and reliable at 

all times. Through this work, the importance of being 

able to perform time series simulations of smart 

technologies has been proven since performing only 

worst case snapshot studies as was done in [4] 

underestimates significantly the potential of the 

technology. In fact, the examples presented in this paper 

have shown that compared to the actual operation, the 

estimated capability of SVO to optimise the target 

voltage was underestimated by up to 88% in the snapshot 

studies performed in [4]. As the operation of smart 

technologies is dynamic and responsive to the network 

operation, the ability to perform time series simulations is 

essential in order to get a more realistic view of the 

expected operation of such technologies, therefore 

traditional planning using worst case, snapshot studies is 

not appropriate. However, at the same time, it needs to be 

ensured that the network will be operating safely and 

reliably at all times, so the tool needs to provide a 

conservative, worst case view of the benefits and 

operation of the technology in the same way that 

traditional planning does. Therefore, when deciding 

whether to deploy such a smart technology in a network, 

a simple tool that shows the minimum the technology can 

do in that network is more appropriate than a 

sophisticated program that completely reflects the 

algorithms the smart technology is using. 

CAPACITY RELEASED 

The SVO Planning Tool has been used to provide 

estimates of the network capacity released using SVO at 

the 16 substations that participate in the trials of the 

technology.  

 

The studies completed were run for the period from the 

20th October 2018 until the 27th October 2018, using 

actual time series network data of generation and 

demand. To calculate the capacity released by SVO, the 

tool evaluated the network capacity in normal operating 

arrangements where SVO is off and also the network 

capacity with SVO on. The difference of the two 

calculated network capacities is the capacity released by 

SVO.  As the planning tool provides a conservative view 

of the operation of SVO, the estimated capacity release is 

also conservative. 

 

The studies have shown that the SVO technology can 

release network capacity at both BSPs and Primary 

substations as shown in Table 1 and Table 2. 

 
Table 1 Maximum Capacity release from SVO - BSPs 

BSPs Maximum 

Capacity 

Without 

SVO 

(MW) 

Maximum 

Capacity 

with SVO 

(MW) 

Maximum 

SVO 

Capacity 

Release 

(MW) 

Bowhays 

Cross 

27.5 89.5 62.00 

Bridgwater 63.75 79.75 16.00 

Exeter City 106.25 106.25 0.00 

Exeter 

Main 

62.75 92.5 29.75 

Paignton 90 93 3.00 

Radstock 65 65 0.00 

Taunton 0 31 31.00 

Tiverton 66 66 0.00 

 

Table 1 shows that the maximum capacity release at the 

BSPs ranges between 0MW and 62MW in the week 

analysed, demonstrating that more than half of the 

132/33kV sites have capacity benefits using SVO. The 

sites that demonstrate limited to zero capacity benefits 

were thermally constrained in that week and therefore 

SVO could not increase the capacity. 

 

Table 2 shows that the maximum capacity release at the 

Primary substations ranges between 1.67MW and 

16.75MW, demonstrating that all 33/11kV sites have 

capacity benefits using SVO. 
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Table 2 Maximum Capacity Release from SVO - Primaries 

Primaries Maximum 

Capacity 

Without 

SVO 

(MW) 

Maximum 

Capacity 

With SVO 

(MW) 

Maximum 

SVO 

Capacity 

Release 

(MW) 

Colley Lane 29.12 38.76 9.64 

Dunkeswell 4.99 7.31 2.32 

Lydeard St 

Lawrence 

0.65 7.63 6.98 

Marsh 

Green 

4.63 10.35 5.72 

Millfield 16.34 27.69 11.35 

Nether 

Stowey 

7.95 9.62 1.67 

Tiverton 

Moorhayes 

8.18 23.3 15.12 

Waterlake 4.63 21.38 16.75 

 

Even though the power system studies performed provide 

a conservative view of the capacity benefits SVO can 

offer, it is clear that SVO can release network capacity by 

optimising the voltages. This additional capacity that can 

be made available in real time by SVO, can provide 

additional flexibility in the way the network is operated 

and enable the connection of more low carbon 

technologies that would not otherwise be able to connect. 

CONCLUSIONS 

SVO has been successfully implemented and trialled by 

WPD across 16 132/33kV and 33/11kV networks in 

South West England. Overcoming the limitations of 

traditional voltage control, SVO demonstrated the 

capability to optimise the network voltages in real time 

responding to the complex and dynamic nature of modern 

electricity distribution networks.  

 

Through the trials of the technology it was proven that 

the actual headroom available to adjust the traditional 

static target voltage setting at BSP and Primary 

substations is significantly bigger (up to 88% wider in the 

examples provided) than what can be estimated using 

power system analysis tools. Additionally, the trials 

demonstrated that the optimal target voltage setting at 

both BSPs and Primaries varies with time, following the 

frequent and dynamic changes of the real-time network 

operation.  

 

As the operation of smart technologies like SVO varies 

with time, planning tools for such technologies should 

have the capability to perform time series simulations in 

order to provide an understanding of the expected 

behaviour of the technology, with these simulations 

showing the worst case benefits the technology can offer. 

The planning tool developed for SVO has shown that 

optimising the voltages could release network capacity in 

both 33kV and 11kV networks, enabling more low 

carbon technologies to connect. 

 

Overall, this work has shown that voltages in 33kV and 

11kV networks can be successfully optimised in real-time 

as the network has the required headroom available and 

doing so can release network capacity. It was proven that 

in order to maximise network capacity the target voltage 

settings of the AVC relays in the network need to change 

numerous times a day, following the dynamic changes in 

the network operation. The successful operation of the 

technology, the significant capacity benefits it offers and 

the dynamic nature of the optimisation it performed in the 

trials reinforce the need for intelligent voltage control 

systems in modern electricity distribution networks. 

NEXT STEPS 

The analysis of the results from the SVO trials will be 

continued in order to understand the impact of SVO on 

the operation of the tap changers in the network. As part 

of this work, the effect a voltage optimisation system can 

have on the maintenance requirements and lifetime of tap 

changers will be quantified and appropriate 

recommendations will be made. Additionally, statistical 

analysis of the trial data is currently in progress with the 

aim to identify any relationships between the optimised 

SVO set point and the network parameters. The results of 

this work will be published in further papers. 
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