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Executive Summary 
The projected proliferation of Low Carbon Technologies (LCTs), such as wind generation, 

Photovoltaic (PV) generation, Electric Vehicles (EVs) and heat pumps (HPs), is anticipated to result in 
a paradigm shift in the use of electricity in distribution networks. This will in turn bring new 
challenges for distribution network operators (DNOs). A key objective of this project is to investigate 
how smart grid interventions such as Electrical Energy Storage (EES), DSR, HV regulator, HV/LV on 
load tapchanging transformers and coordinated control systems can be used to facilitate the 
connection of LCTs in distribution networks. A hierarchical control system, known internally as GUS 
(Grand Unified System), has been deployed to enable evaluation of advanced distribution network 
management systems (ADNMS) in particular to evaluate enhanced automatic voltage control (EAVC) 
for distribution networks. 

The ADNMS can coordinate the operation of on load tapchangers (OLTC) not only at primary 
substations but also at secondary substations, regulators (HV and LV) as well as EES units at medium 
voltage (HV) remote feeder ends and at the low voltage (LV) remote feeder ends [1, 2]. In addition, 
feeder voltage divergence factor (FVDF) is utilized as a network voltage metrics for networks with 
large clustered distributions of LCT. These distributions of LCT are anticipated in many future 
distribution network scenarios [3]. 

A series of case studies have been carried out, in which credible future scenarios are proposed 
using the validated Denwick model from CLNR. The case study network equipped with multiple EES 
units and OLTC equipped transformers under supervisory control, are used to evaluate the scheme. 
In this future scenario, clustered concentrations of load and generation LCTs, in terms of both feeder 
and phase location, are deployed on the case study network.  

The studies demonstrated the impact that ADNMS could have on increasing the penetration of 
LCTs that are envisaged to emerge in clusters in comparison with existing NPG BAU and also 
utilisation of LDC. However, LDC was shown to have some benefits when considering operation of 
primary transformer tapchangers where uniform distributions of generation are present in the 
downstream network. 

Moreover, it has been found that integrating EES into an ADNMS can increase the value of EES by 
extending the influence of the EES unit beyond the feeder it is connected, even if it is located 
towards the remote end of a feeder. This is demonstrated in the case study as the HV feeder 
connected EES unit is used in collaboration with the primary tapchanger to mitigate a voltage 
problem on another feeder.  

In addition, as the scheme is cognizant of the costs associated with deploying each network 
solution, it could reduce costs and increase the operating life of equipment. For example, 
tapchanger operations are likely to be reduced under this scheme as the cost functions can reflect 
the age of the devices as demonstrated in earlier reports. 
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1 Introduction 
The projected proliferation of Low Carbon Technologies (LCTs), such as wind generation, 

Photovoltaic (PV) generation, Electric Vehicles (EVs) and heat pumps (HPs), is anticipated to result in 
a paradigm shift in the use of electricity in distribution networks. This will in turn bring new 
challenges for distribution network operators (DNOs). A key objective of the CLNR project 
programme is to investigate how smart grid interventions such as Electrical Energy Storage (EES), 
Demand Side Response (DSR), HV and LV regulators and HV/LV tapchanging transformers can be 
used to facilitate the connection of LCTs in distribution networks using active coordinated control 
systems. A hierarchical control system, known internally as GUS (Grand Unified System), has been 
deployed to enable evaluation of advanced distribution network management systems (ANMS) in 
particular to evaluate enhanced automatic voltage control (EAVC) for distribution networks. 

The ADNMS can coordinate the operation of on load tapchangers (OLTC) at primary (EHV/HV) and  
secondary (HV/LV) substations, regulators (HV and LV) as well as EES units at medium voltage (HV) 
remote feeder ends and at the low voltage (LV) remote feeder ends [1, 2]. In addition, feeder 
voltage divergence factor (FVDF) is utilized as a network voltage metric for evaluating the 
appropriate control approach for networks with large clustered distributions of LCT. These 
distributions of LCT are anticipated in many future distribution network scenarios [3]. 
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2 Background 

2.1 Voltage Issues in Future Distribution Networks 

In the UK, steady-state voltages should be maintained within ±6% of the nominal voltage in the 
systems above 1kV and below 132kV, and between +10% and -6% of the nominal voltage in 0.4kV, 
LV networks [4].  

Wind generation with installed capacity at MW level forms the largest renewable part of the UK 
generation portfolio. Much of this is connected to weak, rural distribution networks, which are 
susceptible to voltage rise issues [5]. Similarly, large concentrations of microgeneration, such as 
domestic PV generation clusters, can cause voltage rise issues on LV networks [6], [7]. Conversely, 
large concentrations of load LCTs, such as EV and HP, will result in undervoltage issues [8], [9]. 

Furthermore, as these distributions and clusters of LCTs are predominantly unplanned, 
distribution networks are likely to experience both violations of upper and lower voltage limits 
simultaneously on separate HV or LV feeders. Common mode voltage solutions and techniques such 
as OLTC equipped transformers with line drop compensation (LDC) are often used to resolve steady-
state voltage issues due to relatively uniform distributions of load and generation. These approaches 
however are unlikely to efficiently resolve voltage issues for networks with large, clustered 
distributions of LCT as they increase or decrease voltage across the entire network they supply [10]. 

2.2 EES for Voltage Control 

A comprehensive review of the possible benefits of EES has been presented previously [11]. EES 
can be utilized to support a heavily loaded feeder, provide power factor correction, reduce the need 
to constrain DG, minimize OLTC operations and mitigate flicker, sags and swells [11].  

EES is shown to support voltage regulation through reactive power support, frequency response 
and power factor correction in [12]. A distribution network voltage support operation strategy for 
EES has been proposed that operates the EES to export real and reactive power with reactive power 
priority [13]. In this work the export of real and reactive power from the EES is optimized for voltage 
control by utilizing the ratio of voltage sensitivities of real and reactive power export, so that the size 
of the EES unit can be minimized. EES is used locally to mitigate the voltage rise due to a windfarm 
by absorbing reactive power  [14]. The voltage changes, to accommodate the wind generation, with 
and without reactive power compensation, at 12 LV nearby busbars were calculated. The lifetime 
costs associated with the EES, cognizant of the power rating and energy capacity of the devices, 
were then compared. Three control strategies for dispersed flow batteries have been previously 
reported and compared for voltage regulation in distribution networks with high PV penetration 
[15].  

In [16], an optimal battery EES operation strategy with other voltage control techniques for loss 
reduction and voltage control has been proposed. A Tabu search algorithm is employed to search 
the optimal schedule at 30 minute intervals to build a control reference for the daily EES operation. 
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The optimal operation schedule of EES achieved can realize voltage control and network loss 
reduction. However, 30-minute time intervals may not be sufficient for real time voltage control in 
distribution networks. A coordinated voltage control scheme including EES, OLTC and voltage 
regulators is presented to mitigate voltage rise problem caused by high PV penetration in [17]. 
Multiple benefits can be achieved, such as reducing the switching operation times of existing voltage 
control devices, and reducing network losses. However, in this paper only the active power of EES is 
controlled. 

In [18], it was shown from initial measurements and simulation of the CLNR networks that high PV 
penetrations are likely to cause voltage rise issues in LV networks. In this work, voltage control 
strategies were developed to mitigate the voltage rise resulting from high, unbalanced, penetrations 
of PV generation. It was demonstrated that unbalanced three-phase control of the EES, can mitigate 
voltage rise due to PV generation more efficiently than the conventional, balanced three-phase 
control. The simulation and laboratory results demonstrated that EES can be used to mitigate these 
types of voltage rise problems. Furthermore, it is found that the ability to control power exchange, 
independently on each of the phases, of the storage device reduces the required energy storage 
capacity and converter power rating of the EES. 

2.3 Current and Emerging Coordinated Voltage Control 
Schemes in Distribution Networks  

Conventional distribution networks already adopt a number of locally controlled voltage control 
devices, such as primary OLTC and flexible alternating current transmission system (FACTS), which 
includes static VAr compensators (SVCs) and static synchronous compensators (STATCOMs) [19]. 
Currently, the voltage control devices are locally controlled to achieve a passive coordinated voltage 
control scheme in distribution networks [20]. This passive coordinated voltage control scheme has 
proved to be adequate for most cases in current load dominated distribution networks. However, to 
facilitate the anticipated growth of LCTs, the existing control approach may not be sufficient.  

It should be noted here that EES can be considered to be a FACTS device with a large real power 
storage capability, or an additional type of FACTS device. In addition to reactive power support the 
EES is also able to provide substantial real power support to these networks. The capability to supply 
real power support is important in distribution networks, due to their low X/R ratios. It can be seen 
therefore that reactive power control in distribution networks is less efficient than that in 
transmission networks [21]. Furthermore, use of reactive power control only may cause larger 
power flows, which can increase network losses. 

Previous research has reported a number of coordinated voltage control approaches for future 
distribution networks, primarily to improve network performance [22] and facilitate the connection 
of LCTs [23]. 

Optimized, coordinated voltage control schemes with heuristic or meta-heuristic algorithms have 
been reported in previous research [24], [25]. The voltage control problem is formulated into a 
mathematical optimization problem by defining the control objectives and constraints. The control 
objectives can include reducing network losses and flattening the voltage profiles, while the 

6 

 

 



 

 

constraints can cover the voltage and thermal limits in the network. The formulated optimization 
problem is solved with heuristic or meta-heuristic algorithms, such as generic algorithms [24] and 
evolutionary particle swarm optimization algorithms [25]. In these control schemes, network model 
based online load flow analysis is required to find the optimized solution. 

Database driven control strategies have also been shown previously to have an application in 
coordinated voltage control schemes [26], [27]. In these schemes, the solution of the coordinated 
voltage control is ‘learned’ from a database, which contains control solutions from historical 
operation or from previously completed offline studies. The implementation of the database can 
improve overall controller performance and avoid the risks of non-convergence. However, a solution 
database, developed from offline analysis, and intelligent database self-learning algorithms are 
needed. 

All the voltage control schemes discussed above need on-line load flow engines and/or solution 
database. In most of these control schemes, only the steady-state voltage problems at HV voltage 
level are considered. The steady-state voltage problems at the LV voltage level and voltage 
imbalance problems are not considered. 

2.4 Voltage Imbalance and Control 

The consumer driven and non-centrally planned growth of single-phase connected LCTs, such as 
EVs and domestic PVs, may also result in unbalanced voltages on LV distribution networks [28], [29]. 

Voltage imbalance is a condition in which the three-phase voltages differ in amplitude or are 
displaced from their normal 120° phase relationship or both. Conventionally, the uneven distribution 
of single-phase loads is the major cause of voltage imbalance [30]. Single-phase generation LCTs can 
also result in unbalanced voltages [28], [29]. The %VUF in distribution networks in the UK [31] and 
Europe [32] is used to define the acceptable level of voltage imbalance in a system. A number of 
definitions exist and in this work a definition from [33] is used, as shown in (1).  

, ,% 100%a b c avg

avg

Max V V
VUF

V

−
= ×      (1) 

Where: 

%VUF  Percentage voltage unbalance factor 

, ,a b cV   Three-phase phase voltages (pu) 

avgV   Average phase voltage (pu) 

The %VUF has a regulatory limit of 1.3% in the UK, although short-term deviations (less than 1 
minute) may be allowed up to 2%, which is the standard limit used for the maximum steady-state 
%VUF allowed in European networks [31], [32]. 

Network reconfiguration and reinforcement can be used to solve voltage imbalance problems. 
Additionally, specially designed STATCOMs and other power electronics devices could provide the 
functionality to compensate for unbalanced voltages in LV distribution systems [30]. 
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It is worth noting that voltage rise has been previously determined to be the first technical 
constraint to be encountered as penetrations of microgeneration increase [29]. However, it is 
anticipated that voltage imbalance may also become a constraint as secondary OLTCs, which can 
mitigate overvoltage on LV systems [34], are unable to reduce the voltage imbalance on these 
networks due to the growth of clusters of load and generation LCTs. 
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3 Voltage Control in CLNR 
Several voltage control interventions have been deployed as new smart grid interventions on the 

CLNR trial test networks including HV/LV tapchanging transformers, LV regulators and energy 
storage. These new smart grid interventions have been trialled under the control of distributed and 
a centralised control algorithms. In this work, autonomous control implies control of the network 
intervention based on local information only as against GUS controlled or centralised control. In 
addition, all these interventions as well as existing voltage control interventions, such as EHV/HV 
transformer, HV regulators and HV connected switched capacitor banks, have been integrated into 
the GUS system. The impact on voltage of these interventions can be classified as follows: - 

1. Transformers and regulators – bucking/boosting voltage immediately downstream of the 
intervention 

2. Reactive power import/export – bucking/boosting voltage distributed upstream of 
intervention 

3. Real power import/export – bucking/boosting voltage in the immediate area of the 
intervention and distributed upstream of intervention 

In the following sections, the salient observations from the post-trial analysis of each of the CLNR 
interventions from a voltage control perspective either using autonomous and GUS control where 
appropriate. 

3.1 Transformers and Regulators 

3.1.1 HV/LV Tapchanging Transformer 

As part of the Customer Led Network Revolution (CLNR) project, on load tapchanging (OLTC) 
HV/LV transformers have been installed at 3 locations in the NE of England and Yorkshire, at Wooler 
Bridge, Darlington Melrose and Mortimer Road secondary substations. In addition, these 
tapchanging transformers are also integrated with the GUS distribution network control system 
which has been developed and deployed as part of the CLNR project programme.  

The impact of changing the bandwidth on HV/LV transformers, using the validated models 
developed as part of this work and the 1-minute time resolution data from the trial sites, was 
evaluated. It was found that decreasing bandwidth from 4% to 3% increases the number of 
tapchanger operations by a factor of 3.7. However, it should be noted that decreasing the 
bandwidth from 4% to 3% has the impact of increasing the effective legroom, added by the 
transformer, by 0.5%. 

The installation of the tapchanging HV/LV transformer has been shown to substantially increase 
the allowable penetration rates of LCT installations above BAU (Business as Usual). The incremental 
change in the LCT penetration rates depend on the profile of LCTs and their location.  

The capability of the tapchanging HV/LV transformer was improved further when integrated with 
the GUS system particularly when comparing PV installations with autonomous voltage control and 
single + GUS voltage control. Line drop compensation (LDC) techniques could be used to provide 
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some of the benefits of voltage control using the GUS system however, LDC would not be able to 
provide the same level of capability to connect LCT as it relies on a simple static model of the 
downstream LV network which has limitations when considering the following factors: - 

a. the anticipated non-uniform, unplanned growth in PV, ASHP and EV in LV networks; 
b. dynamic distributions of loads due to possible changes in the geographical 

distribution of EV load; 
c. variations in EV charging load due to customer behaviour changes. 

3.1.2 HV Regulator 

It can be seen from the post-trial analysis that the application of HV voltage regulator in 
conjunction with GUS can increase allowable ASHP and EV connections significantly [35]. However, 
the allowable PV connections cannot be increased, as the HV voltage regulator in the CLNR project 
can only boost the voltage. If extra tap positions are added to reduce the voltage at secondary side, 
it was shown that the allowable PV connections can also be increased. 

By controlling the HV regulator with the GUS controller, additional LCTs can be connected in the 
HV feeder downstream cluster study. In the case of both ASHPs and EVs approximately 10% more 
can be connected. The analysis indicates that line drop compensation (LDC) algorithm could provide 
some of the capability to accept extra LCT connections if uniformly distributed however LDC 
techniques can fail as the system approaches its limit when non-uniform clustered distributions of 
LCT based load as in the case of the OLTC equipped HV/LV transformer. However, no further LCT 
connections can be connected with the GUS controller in the HV feeder cluster study, due to the 
upstream voltage, the location and the tap position limits of the HV voltage regulator in the study. It 
should be noted that the HV voltage on the primary side of the Hepburn Bell regulator dropped 
below the nominal limit in the ASHP and EV extrapolation study however this would not affect any 
customers connected to the system. The allowable LCT connections also depend on the operation of 
other voltage control devices such as the capacitor banks.  

3.2 Real and Reactive Power Import/Export  

3.2.1 Mechanically Switched Capacitor Bank 

It can be seen that there is no extra headroom provided by the mechanically switched capacitor 
bank, which is because it can only boost the voltage. Different critical busbars and different 
capacitor bank sizes were considered in the post-trial analysis. The integration of the GUS controller 
can significantly increase the allowable ASHP and EV customer numbers if the College Goldscleugh 
busbar is considered. This is the final single-phase busbar in the model. However, no additional LCT 
installations can be connected with the application GUS controller if the remote end of the Akeld 
(the final three-phase busbar monitored in the system) LV system is considered to the lower limit, 
due to the location of the capacitor bank and the capacitor bank stage position limits used in the 
study. Therefore, it can be seen that the location of the capacitor bank can have an impact on the 
success of an autonomous system [36]. 
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3.2.2 Large HV connected EES (EES1) 

Voltage control of large HV connected EES, designated as EES1 in CLNR, was demonstrated to 
increase the capability of the network to accommodate both additional load and generation. It was 
found that the voltage change due to reactive power was greater than real power in both the 6kV 
urban network at Rise Carr and the 20kV urban network in Denwick. It was also found that GUS 
enabled collaboration between the EAVC1 and a HV connected energy storage with a rating 
comparable to EES1 further increased the capability of the network to connect LCT. In addition, it 
was also shown that EES1 scale energy storage has the capability to reduce the number of tap 
change operations of primary transformers. 

3.2.3 LV Busbar Connected EES (EES2) 

LV busbar connected EES, designated as EES2 in CLNR, was shown to be able to increase voltage 
headroom to allow more LCT loads (ASHP and EV) and micro-generation (solar PV). The studies 
indicate that EES2 scale energy storage with autonomous and/or GUS voltage control is able to 
increase allowable LCT customer numbers, although EES2 real power control may not always 
increase allowable LCT customer number due to the EES2 energy capacity limit. As in the case of 
EES1, it was found that the voltage change due to reactive power was greater than real power. This 
is due to the X/R ratio of the upstream HV networks which dominates the voltage response of the 
EES2 unit, and also due to the limited EES2 capacity. When real power is needed to mitigate a 
voltage violation, it is possible that the EES2 energy capacity limit is reached and no further real 
power is available. However, the studies did indicate that there was little advantage in deploying 
GUS to release the full capability of EES2 to control voltage with reactive power. However, this is 
different to the scenario where real power is used to control voltage, as the finite energy storage 
limits mean simpler methods of voltage control can result in the import/export of real power when 
not required to resolve any issue on the network. This is particularly important in the case of real 
power where there is a finite energy capacity of the EES unit and where this energy service is likely 
to be more expensive than reactive power import/export. In addition, the studies also demonstrated 
how it is possible to control voltage at remote busbars using EES2 however this capability would 
require the use of GUS to exploit this capability. This characteristic is more noticeable in the HV rural 
network in Denwick rather than the HV urban network in Rise Carr. 

3.2.4 LV feeder connected EES (EES3) 

LV feeder connected EES, designated as EES3 in CLNR, controlling voltage autonomously was tested 
at three sites during the CLNR project trial programme. Three operating modes were evaluated 
during the trials and subsequently in the post-trial analysis: 

1. using real power only; 
2. using reactive power only;  
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3. using combination(s) of real and reactive power e.g. for high voltage excursions real power 
control has higher priority and for low voltage excursions, reactive power control has higher 
priority. 

All of these modes were found to increase voltage headroom and legroom, on the LV networks 
under consideration, to enable more LCT loads (ASHP and EV) and micro-generation (solar PV). 
However, in general real power or a combination of real and reactive power provided greater 
capability to control voltage. Voltage sensitivity factors between EES3 connection points and the 
remote ends, which have higher voltage sensitivity factors for the trial networks and the UK generic 
network demonstrate this. 

Post-trial analysis of the installations of the EES3 in CLNR LCT devices focussed on uniform 
distributions of LCT across all the feeders of LV networks with the EES3 intervention located on the 
longest feeder where it is expected that the largest voltage rise/drop would be expected. To 
investigate the sensitivity of the assumption of this distribution of load or generation, further 
analysis, where only one feeder with the EES unit is connected and has large penetrations of LCT was 
carried out. The simulation results prove that there is not any penetration change for these two 
scenarios. For example, the allowed PV penetration when it connected to the entire network under 
real power, reactive power and combination real and reactive control are 166%, 142% and 166%, 
respectively. The percentage penetration of LCT installation did not change when PV installations are 
limited to connect to the feeder 4 (the feeder with EES). The reasons are: 

1. In this network, the secondary voltage is mainly depended on the primary voltage. The load 
has very limited impact on secondary voltage variation. 

2. Due to the network topology, the voltage sensitive factor is very small between two 
independent feeders. It means, one feeder’s loading condition will not affect the others 
voltage profile.  

3.2.5 Collaborative voltage control for DSR and EES 

The application of DSR can yield numerous network benefits, such as reduction of the generation 
margin and improvements to the investment and operational efficiencies of both transmission and 
distribution systems [5]. In [6], it was demonstrated how DSR can also be used to solve distribution 
network voltage problems. 

This work describes the results of demand side response (DSR) trials carried out with a test group 
of 6 large industrial and commercial (I & C) customers located throughout the Northern Powergrid 
region which were called as part of CLNR. The results of a selection of these trials are applied in 
simulation to the CLNR rural test network at Denwick, and used to draw conclusions of relevance to 
the UK as a whole. 

Previous simulation results have demonstrated the impact of EVs and ASHPs on the voltages in LV 
networks. In the case-study network evaluated a 15% penetration of EVs and a 45% penetration of 
ASHPs in a localised LCT cluster, the voltage at the end of the longest feeder is found to drop below 
the statutory limit on three significant occasions in the course of a day. To mitigate against this a 
collaborative voltage control strategy incorporating EES and DSR was developed to mitigate the 
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voltage drop. The simulation results demonstrate that EES and DSR can be operated collaboratively 
to mitigate the voltage drop problem successfully.  

Furthermore it can be seen that the use of the two techniques in collaboration offers synergistic 
benefits beyond the use of a single technique 

1. Results from the trials indicate that in some cases DSR response could be substantially 
slower than EES (up to 30 minutes). Therefore, for short duration voltage excursions, due 
to the intermittency of renewables based generation and new LCT based load, the fast 
response of the EES coupled with DSR could reduce the number of calls and improve the 
response of the collaborative voltage control system.  

2. The energy capacity of the EES required in a collaborative voltage control system is 
reduced because the DSR system can remove or reduce the need for storage intervention. 
Given that EES technology is currently expensive and the cost of DSR is lower than the cost 
of EES, this is a valuable contribution. 

It should be noted however that the DSR contracts in CLNR provided DSR services only between 
16:00 and 20:00. With the changes in network load and generation due to the anticipated large-
scale proliferation of LCT the load (and possible generation) peaks are likely to change from 16:00 to 
20:00 and therefore new future contracts will need to be cognisant of these changes.  
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4 Case Studies of Future Clustered Networks 

4.1 Introduction 

The previous sections detailed the voltage issues that are expected to arise in future distribution 
networks due to the increased possibilities of clusters of load and generation LCTs. Previous research 
has demonstrated that conventional primary transformer tapchanger based voltage control schemes 
may not be able to provide an economic technical solution to these scenarios due to the common 
mode nature of their control interventions. Feeder Voltage Diversity Factor (FVDF) is introduced in 
the following section as means to evaluate how non-uniform a distribution network system is. A 
series of case studies are introduced with networks with progressively higher maximum FVDFs which 
indicates a greater degree of clustering of low carbon load and generation. 

4.2 Feeder Voltage Divergence Factor 

FVDF has been defined previously to represent the network feeder voltage divergence [10]. FVDF 
is used to metric the divergence, caused by loads, generations and clusters of LCTs, on feeders and 
phases. In this work, this factor is used to compare the level of feeder voltage divergence due 
clusters of load, generation or clusters of LCT. A metric to evaluate this characteristic of distribution 
networks is important in this work as it enables identification of networks and future network 
scenarios where the BAU common mode voltage control, including line drop compensation, may not 
be the most technically appropriate approach. 

FVDF is defined as the maximum feeder voltage divergence among voltages (pu value) at the 
remote ends of different feeders downstream of a common mode controlled busbar, as expressed in 
(2): 

 Highest LowestFVDF V V= −    (2) 

Where: 

HighestV      Highest feeder end voltage (pu) 

LowestV      Lowest feeder end voltage (pu) 

4.3 Case Study Network and Scenarios 

The Denwick primary network (66/20kV), which is located in the northeast of England, and owned 
by Northern Powergrid, is adopted as the case study network to demonstrate the technical 
limitations of the existing distributed voltage control BAU approach and the additional capability 
provided by ADNMS. A single line diagram of this case study network is illustrated in Fig. 1. 

Plausible future scenarios would include the development of clusters of load and generation 
within this network. These scenarios result in relatively higher FVDFs than the existing distribution of 
load and generation within this network.  
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A 5MW windfarm has been connected to the Alnwick Stamford Pike HV feeder, while a 10% 
domestic penetration rate of EVs and air source heat pumps (ASHPs) has been evenly distributed 
along the Heckley Sw Teed HV feeder. Furthermore, it has been assumed that a PV cluster has been 
developed on one of the LV substations connected to Heckley High House HV feeder.  

The demand profiles derived from the CLNR FDWH data are implemented in HV feeder. Windfarm 
generation data, profiles of domestic load and multiple domestic LCTs are derived as in previous 
work to create future scenarios as described below. 

 

Fig. 1 Case study network and coordinated voltage control scheme 

 

4.4 Windfarm Generation Profile and Demand Profile 

Wind data from 30 windfarms connected to the Northern Powergrid distribution network have 
been analyzed to generate a set of windfarm daily profiles for this work. A typical daily generation 
profile for the windfarm connected to Alnwick Stamford Pike S/W is derived from this data, as 
illustrated in Fig. 2. 

  

Wind Farm

To EHV 
Network

V,I

V,I

V,I

EES MV

V,I

HV Feeder 1

V,I

EES LV

Unbalance
PV 

Cluster

V,I

HV

HV

LV

HV

V,I

EV & HPEV & HP

HV Feeder 2

HV Feeder 3

LV Feeder 1

Alnwick Stamford 
Pike HV Feeder

Heckley S/W HV 
Feeder

Heckley High 
House HV Feeder

15 

 

 



 

 

 

Fig. 2  Daily generation profile of a 5MW windfarm 

Typical daily demand profiles, from SCADA data on the case study network, of the HV feeders are 
illustrated in Fig. 3. 

 

 

Fig. 3.  Demand profiles of HV feeders 

It can be seen from Fig. 3 that there are already significant differences between the demands of 
the three HV feeders, especially between the demand of Alnwick Stamford Pike S/W and that of 
Heckley Switched Tee. This is due to the distribution of customers supplied by each feeder. The 
customer details of each HV feeder are shown in Table 1. It can be seen that 90% of the customers 
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on Alnwick Stamford Pike S/W are domestic customers, and 47% of these domestic customers are 
Super Tariff Customers. Super Tariff, which gives cheap-rate electricity for 5-6 hours overnight and 2 
hours at lunchtime, is popular with customers in the case study area due to the prevalence of 
electric storage heating. 

Table 1  Customer details for case study network 

HV Feeder Domestic Customer (%) Super Tariff Domestic 
Customer (%) 

Alnwick Stamford Pike 
Switched 

90.00% 46.86% 

Heckley Switched Tee 76.24% 24.68% 

Heckley High House 84.59% 26.38% 

4.5 Load and Generation Profile Development  

Historical data from over 9000 domestic customers, covering the period May 2011 to January 
2013 was used to derive typical domestic profiles in the CLNR project. A typical domestic demand 
profile is used here, as shown in Fig. 4. 

The PV generation profile, load profiles of electrical vehicles and heat pumps are also shown in Fig. 
4. The PV generation profile is derived from disaggregated enhanced metering data available from 
CLNR project. The electrical profiles of ASHPs in detached and semi-detached houses are generated 
based on the thermal profiles, which are derived and aggregated in previous work [37]. A coefficient 
of performance (COP) value of 2.5 has been assumed. This value has been selected to be in the 
middle of the range of COP values (2-3) found in earlier work [8], [38] and [39]. The EV consumer 
model used in this work was based on profiles developed and reported previously [3]. 
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Fig. 4.  Profiles of domestic demand, EV, ASHP and PV 

Three HV feeder ends are defined as the critical nodes for voltage on the HV network: Stone Close, 
College Goldscleugh and Doddington Village within the case-study network. The locations of these 
three busbars are illustrated diagrammatically in Fig. 5. 
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Fig. 5  Detailed single line diagram of Denwick HV and LV networks under study 

4.6 Scenario I – High Uniform Distribution of LCT Load 

In the first scenario, a uniform distribution of load LCT across the distribution network has been 
considered during the winter peak day. It can be seen that for this scenario there is no additional 
benefits to add additional functionality to the control systems e.g. using LDC or the GUS system to 
change the target voltage setpoint. The allowable penetrations and critical busbars are shown in   
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Table 2. 

Table 2  Uniform Distribution of LCT based load across case study network 

Control EV&HP 
Penetration 

Allowable 
EV&HP 

Customer 
Number 

EV&HP 
Penetration 

Increase 

Allowable 
EV&HP 

Customer 
Number 
Increase 

Largest FVDF 
at the highest 

EV&HP 
Penetration 

(pu) 
OLTC no LDC 24.00% 1004 0.00% 0 0.051 

OLTC with LDC 
R (set as 8%) 

24.00% 1004 0.00% 0 0.051 

GUS Control 24.00% 1004 0.00% 0 0.051 

 

The FVDF for scenario I is illustrated in Fig. 6. For all three control methods, the largest FVDF is 
0.051pu as expected. 

 

Fig. 6  FVDF for Scenario I 

4.7 Scenario II – High uniform distribution of PV generation 

In the first scenario, a uniform distribution of load LCT across the distribution network has been 
considered during the summer minimum day. It can be seen that for this scenario there are 
additional benefits to add additional functionality to the control systems e.g. using LDC or the GUS 
system to change the target voltage setpoint. The allowable penetrations and critical busbars are 
shown in Table 3. 
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Table 3  Uniform Distribution of PV based microgeneration across case study network 

EAVC1 
Control 

PV 
Penetration 

Allowable PV 
Customer 
Number 

PV 
Penetration 

Increase 

Allowable 
PV Customer 

Number 
Increase 

Largest FVDF at 
the highest PV 

Penetration 
(pu) 

OLTC no LDC 46.0% 1925 0.0% 0 0.053 

OLTC with 
LDC (R set as 
8%) 

64.0% 2678 18.0% 753 0.065 

GUS Control 95.0% 3975 31.0% 1297 0.098 

 

The FVDF for Scenario II is illustrated in Fig. 7. The largest FVDF value is increasing with the PV 
penetration rate. 

 

Fig. 7  FVDF for Scenario II 

4.8 Scenario III – High Non-Uniform Distributions of PV, EV 
and HP  

To simulate a network condition with a larger FVDF,  PV customers are connected to the Stone 
Close feeder and HP& EV customers are connected to the College Goldscleugh feeder (similar to 
scenario IV). In this case, the allowable penetration and critical busbars are shown in Table 4. 
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Table 4  Unbalanced distributions of PV based microgeneration and EV/ASHP across feeders of case study 

network 

EAVC1 Control PV, EV and HP 
Penetration 

Allowable PV, EV 
and HP Customer 

Number 

PV, EV and 
HP 

Penetration 
Increase 

Allowable PV, 
EV and HP 
Customer 
Number 
Increase 

Largest FVDF 
at the highest 
PV, EV and HP 

Penetration 
(pu) 

OLTC no LDC 25.0% 1046 0 0 0.079 
OLTC with LDC (R 
set as 8%) 25.0% 1046 0 0 

0.077 

GUS Control 45.0% 1883 20.00% 837 0.099 

 

The FVDF for Scenario III is illustrated in Fig. 8.  The largest FVDF value is increasing with the LCT 
penetration rate. 

 

Fig. 8  FVDF for Scenario III 

4.9 Scenario IV – High, clustered distributions of LCT (load 
and generation) 

4.9.1 Baseline 

The simulation results shown in Fig. 9 represent the baseline of this future scenario. In this 
baseline study, two sustained voltage problems can be observed to occur concurrently on the 
network. An overvoltage condition on Alnwick Stamford Pike S/W, which cannot be easily directly 
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solved by the primary transformer tapchanger, and an overvoltage and voltage imbalance condition 
on LV feeder 1 which are caused by the high concentrations of unevenly distributed PV generation. 

It can be seen from Fig. 9 that during the period where the voltage at the end of Alnwick Stamford 
Pike S/W is exceeding the upper voltage limit because of the windfarm generation, the voltage at 
the end of Heckley Sw Teed is also close to the lower limit due to the heavy load on this feeder. If a 
conventional tapchanger based control scheme with remote end measurements is applied, the 
primary substation tapchanger will be actuated to mitigate the overvoltage at the end of Alnwick 
Stamford Pike S/W, resulting in voltage violation of the lower limit at the end of Heckley Switched 
Tee.  

 

Fig. 9  Voltage profiles at the remote end of HV Feeders Scenario IV – Baseline 

4.9.2 Higher penetrations 

A centralised control scheme similar to GUS was realised in Python script in conjunction with the 
validated network model of the case study network in IPSA2. It should be noted here that in IPSA2, 
the simulation is three-phase balanced, which means the %VUF is not considered in the simulation 
approach.  

It can be seen from Fig. 10 that at 08:00, the voltage at the end of Alnwick Stamford Pike S/W 
reaches the HV upper statutory voltage limit. This voltage problem is classified, and all the voltage 
control solutions are available since the FVDF is less than the threshold. Then the voltage control 
solution with the largest VCSF is selected, which in this case is the primary tapchanger. The tap 
position of the primary tap changer against time is shown in Fig 11. Tap positions in this paper 
represent the voltage changes at the secondary side of transformers. 
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At 09:00, the voltage at the end of Alnwick Stamford Pike S/W rises above the HV upper statutory 
voltage limit. This voltage problem is classified by FVDF being greater than the threshold. As per the 
control scheme flowchart, the HV EES is operated to decrease the FVDF. The overvoltage problem is 
mitigated at the same time when reducing the FVDF. 

At 09:10, the voltage at the end of Heckley Sw Teed falls below the HV lower statutory voltage 
limit. The HV EES is operated to decrease the FVDF. The primary transformer tapchanger is used to 
increase the voltage at the end of Heckley Sw Teed as it has the largest VCSF. It should be noted here 
that this undervoltage at the end of Heckley Sw Teed does not happen in the baseline, due to the 
windfarm generation. If the windfarm generation reduces or is compensated by the EES, an 
undervoltage is likely to occur. 

At 17:10, a similar undervoltage issue is solved. However, between 17:10 and 19:00, the real 
power is also required as the HV EES is no longer able to reduce FVDF using reactive power only.  

Fig. 10  Voltage profiles at the remote end of HV feeders 
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Fig. 11  Tap position of primary transformer tapchanger 

 

Fig. 12  Real and reactive power import of HV EES 

In this test case, the target SOC and the initial SOC of the HV EES are both set to 50%. Therefore 
the VCSF of reactive power is larger than the VCSF of real power in the test case. As a result, reactive 
power is selected more frequently than real power, which is illustrated in Fig. 12.  
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At 20:30, the FVDF drops below the threshold. The primary tapchanger lowers the voltage across 
the feeders, since the primary tapchange has the largest VCSF at this stage, and thus HV EES is not 
required. 

At 22:50, the voltage at the end of Alnwick Stamford Pike S/W reaches the limit again. At this time, 
the FVDF is smaller than the FVDF threshold and all the voltage control solutions are available. Then 
the primary tapchanger is selected to control the voltage. 
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5 Conclusions  
A series of case studies, in which credible future scenarios are proposed using the validated 

Denwick model from CLNR were considered. The case study network, equipped with multiple EES 
units and OLTC equipped transformers under supervisory control, is used to evaluate the scheme. In 
this future scenario, clustered concentrations of load and generation LCTs, in terms of both feeder 
and phase location, are deployed on the case study network.  

The studies demonstrated the impact that ADNMS could have on increasing the penetration of 
LCTs that are envisaged to emerge in clusters in comparison with existing NPG BAU and also 
utilisation of LDC. However, LDC was shown to have some benefits when considering operation of 
primary transformer tapchangers where uniform distributions of generation are present in the 
downstream network. 

Moreover, it has been found that integrating EES into an ADNMS can increase the value of EES by 
extending the influence of the EES unit beyond the feeder it is connected, even if it is located 
towards the remote end of a feeder. This is demonstrated in the case study as the HV feeder 
connected EES unit is used in collaboration with the primary tapchanger to mitigate a voltage 
problem on another feeder.  

In addition, as the scheme is cognizant of the costs associated with deploying each network 
solution, it could reduce costs and increase the operating life of equipment. For example, 
tapchanger operations are likely to be reduced under this scheme as the cost functions can reflect 
the age of the devices as demonstrated in earlier reports. 
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