
Voltage Control of UK Residential Customers 
for Power Reduction 

George Tsagarakis, Adam J. Collin and  
Aristides E. Kiprakis 

The Institute for Energy Systems 
The University of Edinburgh 

Edinburgh, UK 
Email: G. Tsagarakis@ed.ac.uk, A. Collin@ed.ac.uk, 

A.Kiprakis@ed.ac.uk 

Stephen McLaughlin 
Head of the School of Engineering and Physical 

Sciences 
Heriot-Watt University 

Edinburgh, UK 
Email: S.McLaughlin@hw.ac.uk 

Abstract—Reducing peak system demand is generally regarded 
as a crucial step in deferring investment in electricity networks 
and improving overall performance. Several utilities have 
explored the used of voltage control for peak reduction but the 
results are not conclusive.  

This paper presents results of an ongoing study of the potential 
of voltage control for demand reduction within the UK 
distribution network. A stochastic simulation approach using 
detailed low-voltage residential load models and network models 
is implemented to quantify the scale of demand reduction for 
step change in voltage magnitude. 

Index Terms-- distribution network, load modelling, residential 
load, smart grid, voltage control. 

I. INTRODUCTION 
Maintaining supply voltage within the required limits is 

one of the key requirements of the electrical power system. To 
achieve this, various devices (e.g. static VAR units or OLTC 
transformers) are installed throughout the system to maintain 
the voltage magnitude within operational limits. Previous 
research has shown that it is possible to reduce the active 
power demand of the connected load by using these voltage 
control devices to lower the voltage magnitude during hours 
of high demand [1-5]. Indeed, it is often said that a “1% 
voltage drop will result in a 1% decrease in power demand” 
[5]. 

However, this linear relationship is not always true and the 
power reduction cannot be easily quantified. This is confirmed 
by previous research, from which two common conclusions 
can be extracted [1-5]: 

• The typical active power reduction is between 0.4-1%
per 1% voltage reduction

• The results are hard to predict and are influenced by
the location, time of day and time of year

The power demand response of the network load to a step 
change in voltage magnitude is a combination of the electrical 
characteristics of the load, which are a function of the supply 
voltage, and the performance of the network. As the load 
composition will change between geographic locations and 
will also exhibit short term (e.g. daily) and long term (e.g. 
seasonal) variations, the electrical characteristics of the system 
load are highly variable. Accordingly, the potential benefits of 
a voltage control scheme will also exhibit temporal and spatial 
variations and requires detailed knowledge of the connected 
load. 

Previous research in this area is based solely on field tests 
and measurements at distribution system substations [1, 2, 5] 
or in individual commercial and residential buildings [3, 4]. 
To obtain a representative set of results, a large number of 
staged tests are required to determine the possible range of 
power reduction. This requires financial investment, if 
monitoring equipment is not already installed at the required 
location, and time to fully include seasonal and daily 
variations. However, this type of study can be performed 
using computer simulation techniques. 

This paper utilises a stochastic simulation approach to 
present initial results of a detailed analysis of the contribution 
of the voltage control for demand reduction within the UK 
distribution networks. The simulation approach includes the 
use of detailed low-voltage (LV) models of the UK residential 
load and network to quantify the changes in demand reduction 
for different network/load configurations during the day for 
1% and 3% supply voltage reductions. In addition to the 
recorded active/reactive power reduction, the paper will also 
consider the impact on the efficiency and the voltage profiles 
within the LV network. 

The analysis presented in this paper will focus on the LV 
network supplying only residential load. The simulation time 
is taken as January weekend, as this represents the peak 
loading conditions of the UK residential load sector. Although 
the secondary distribution transformer (11/0.4 kV) does not 
include voltage control functionality (beyond manual tap 
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changes for seasonal demand variations), it is assumed that the 
voltage on the primary winding can be controlled by manually 
adjusting the system impedance of the infeeder, to represent 
staged voltage drop actions. Future analysis will focus on 
larger area networks with a mix of loading conditions and 
include the load voltage control functionality of the 33/11kV 
OLTC transformers. 

In the first Section an overview of the proposed modelling 
approach is presented, followed by the simulation framework 
in Section II. Section III introduces the LV load models used 
in the paper. In Section IV, the network characteristics and the 
use of load characteristics are described, while the results for 
each case are presented in Section V. Conclusions and further 
work are given in Section VI. 

II. SIMULATION FRAMEWORK 
The simulation framework applied to analyse network/load 

response to voltage reduction in this paper consists of the 
following steps: 

• Define network/load configuration and time of year.  
Build detailed LV models of the UK residential loads, 
using the load modelling tool developed in previous 
research [6, 7]. 

• Build detailed LV network models and connect 
detailed residential load models. 

• Simulate steady state conditions for base case 
comparison.  

• Simulate network with voltage reduction. 

• Analyse simulation results and quantify changes in 
active and reactive power. 

III. LOW-VOLTAGE LOAD CHARACTERISTICS 
The electrical characteristics of power system loads will 

vary as a function of the supply conditions, i.e. voltage 
magnitude and frequency. Traditionally, loads were defined as 
one of three types: constant impedance, constant current or 
constant power. These three load types are shown in Fig. 1. 
The corresponding changes in load current magnitude 
(assuming a dc power flow) are also shown.  

The results in Fig. 1 clearly illustrate why the type of load 
connected will influence the power demand savings for 
voltage reduction. For example, although the power demand 
of a constant power load will not change by reducing the 
voltage, the current will increase, which will result in higher 
losses across the network impedance.  

In this paper, the loads are represented with static load 
models: 

• Exponential model 
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• Polynomial model (commonly referred to as ZIP) 
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where: P and V are the actual active power demand and supply 
system voltage accordingly, P0 and V0 are the nominal/rated 
corresponding values, nP is the exponential model coefficient 
and ZP, IP, PP are the polynomial/ZIP model coefficients. 
Reactive power is represented by equivalent expressions.  
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Figure 1.  Traditional load characteristics. 

Although the polynomial load model is used during 
simulations, the exponential load model coefficients are used 
in this paper to present results, as it is clearer to display the 
characteristics with only one coefficient. 

A. UK residential load 
The detailed household load profiles and load models used 

in this paper are based on the user activity profile of each 
occupant, which is developed using the Markov-chain Monte 
Carlo simulation technique. The user activity profiles are 
aggregated into a household activity profile (if more than one 
user in the household) and are combined with the available 
device statistics (ownership, electrical characteristics and use 
statistics) and a database of ambient conditions to develop the 
power demand profile of household. The power demand 



profile is converted into electrical load models by aggregating 
the load model of each device that operates at the same time 
interval. More details on the development of detailed daily 
power profiles can be found in [6, 7]. 

Table I presents the load models of the most commonly 
used load types in the UK residential load sector used in the 
model development process. Lighting is modelled as 
incandescent (GIL) or compact fluorescent (CFL). Motor load 
types are used to represent cold appliances (refrigerators and 
freezers) and water pumps. Loads that are used for heating, 
such as space and water heating, electric hobs/ovens and 
kettles, are assumed to be ideal resistive loads. Consumer 
electronic devices and ICT are modelled as “switch-mode 
power supply” (SMPS). Depending on rated power, electronic 
devices can be equipped without (no-PFC) or with passive 
power factor correction (p-PFC), active (a-PFC). These are 
discussed in more detail in [8]. Appliances with operation 
cycles (dishwashers, washing machines and tumble dryers) are 
modelled according to the function that is being done at each 
time step. See [6, 7] for further details. 

TABLE I.  EXPONENTIAL/POLYNOMIAL LOAD MODEL COEFFICIENTS [8] 

Load PF1 
Exp. Polynomial 

nP nP ZP IP PP ZQ IQ PQ 
GIL 1 1.55 - 0.43 0.69 -0.12 - - - 
CFL 0.91 0.98 0.93 -0.01 0.96 0.05 0.1 -0.73 -0.37 

RSIRCT 0.62 0.06 1.92 0.63 -1.2 1.57 -1.4 -0.91 -0.5 
RSIRQT 0.62 0.30 1.92 0.10 0.10 0.80 1.40 -0.91 0.50 
RSCRCT 0.90 0.38 1.68 0.50 -0.62 1.11 1.54 -1.43 0.89 
Resistive 1 2 - 1 0 0 - - - 

SMPSnoPFC 0.994 0 2.36 0 0 1 -3.63 9.88 -7.25 
SMPSpPFC 0.97 0 -0.5 0 0 1 0.45 -1.44 1.99 
SMPSaPFC 1 0 - 0 0 1 0 0 0 

Where: GIL is general incandescent light, CFL is compact/linear fluorescent lamps, 
RSIRCT/QT stands for Resistive Start – Induction Run motors with constant/quadratic 
torque, RSCR are Resistive Start – Capacitor Run motors and SMPS (no-PFC/p-PFC/a-
PFC) stands for “switch-mode power supply” (digital) devices with no/passive/active 
power factor correction 

IV. IMPLEMENTATION 
This section illustrates how the methodology outlined in 

Section II is implemented using generic models of two typical 
UK LV network configurations (highly-urban and sub-urban), 
which represent the cases of heavily and lightly loaded LV 
networks [9]. 

A. User Profiles 
The two selected networks were populated by a realistic 

number of households: 380 for highly-urban and 76 for sub-
urban networks. The composition of customers is based on the 
UK-wide demographic characteristics [10, 11] and are 
presented in Table II. Although the demographic 
characteristics are likely to vary across the network, for this 
paper it is assumed that they are identical to allow for a fair 
comparison of results. 

The networks were populated using the stochastic load 
profiles and models developed in [6, 7] and simulations 
repeated until results achieve an asymptote value. In Fig. 2a, 
the mean, minimum and maximum value of a large number of 
simulations for active and reactive power demands of the 

highly urban network are shown. It can be seen that the mean 
active power, the thick black line, has two main peaks, one in 
the morning (08:00-10:00) and another in evening (17:00-
22:00). The light black lines show the minimum and 
maximum active power demand at each time step and 
represent the variation within the simulation load profiles. In 
the sub-urban network, the input data have the same 
characteristics but exhibit increased variation due to the 
smaller sample size. 

TABLE II.  ASSUMED DEMOGRAPHIC CHARACTERISTICS FOR 
SCOTLAND, BASED ON DATA IN [10, 11] 

Household 
size 

Number of 
working 

occupants 
Percentage 

1 0 11.6 
1 23.2 

2 
0 3 
1 8.4 
2 23.3 

3 

0 1.3 
1 3.8 
2 10.4 
3 1.3 

4 

0 1 
1 2.9 
2 8.2 
3 1.1 
4 0.5 

 
The aggregate active and reactive power coefficient of 

exponential load model is presented in Fig. 2b. From the mean 
np of all customers, grey thick line, it can be seen that during 
the night and early in the morning the load is approximately 
constant power load because of the small value of np. 
However, during the day, it behaves more as a constant 
current load. The narrow envelope, light grey line, indicates a 
small variation in the aggregate active power characteristics. 
Although the reactive power characteristics have an increased 
range, there is less variation across the 24hr period and it is 
very close to constant impedance load type. 
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Figure 2.  Variation in active and reactive power demand and active 
and reactive power coefficient of exponential load model for UK 

residential customers, for January weekend. 

Also shown in Fig. 2b is the daily weighted mean of the 
load model coefficients. The weighted mean is calculated 
from the product of coefficient, e.g. ZP, and rated power P0 at 
time t for household k, over the total power demand at the 
same time step (3). The resulting weighted mean value 
confirms the general aggregate characteristics of the LV load: 
close to constant current for active power, with reactive power 
approximating a constant impedance load type. The weighted 
mean values are displayed in Table III. 
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where: P0 and is the nominal/rated of active power, ZP, IP, PP 
and ZQ, IQ, PQ are the polynomial/ZIP model coefficients of 
active and reactive power. T is the total number of time steps 
and N is the number of customers/customers group.  

TABLE III.  WEIGHTED MEAN OF POWER MODEL COEFFICIENTS FOR THE 
STEADY STATE COMPARISON 

Exponential Polynomial 
np nq Zp Ip Pp Zq Iq Pq 

0.8766 1.9219 0.4001 0.0763 0.5235 1.0419 -0.5804 0.3208 

B. Network 
In this paper, only the LV network is considered. Although 

they are part of larger network in reality, the models used here 
are isolated LV systems. The voltage control is simulated by 
changing the system impedance of the infeeder to obtain the 
required voltage drop at the primary winding. 

The highly-urban sector represents households in cities 
and are usually connected on an underground, radial network 
supplied by an 11/0.4 kV transformer. The network is 

characterised by high load density and short cable lengths. 
Four branches are connected to a 1 MVA transformer 
supplying a total of 380 single-phase customers. 

In suburban areas of cities, in regions close to cities or 
small towns, the network is overhead and connected on an 
11/0.4 kV transformer of lower rating than the one in highly-
urban LV sub-sector (0.2 MVA). The typical sub-urban 
network consists of two branches of overhead line and 76 
single-phase customers connected by underground line.  

The line characteristics of the networks above can be seen 
in Table III. More details on the network design and 
configuration can be found in [13, 14]. 
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Figure 3.  Single line equivalent generic LV distribution networks, 
based on data in [13, 14]. 

TABLE IV.  CONFIGURATION AND PARAMETERS OF THE LV LINES IN THE 
USED SUB-SECTORS [13] 

Line Id. 
Cross 

sectional 
Area (CSA) 

Positive sequence 

Rph Xph 



(mm2) (Ω/km) 
Underground Line (Cable) 

A 300 0.1 0.073 
B 185 0.164 0.074 
C 120 0.253 0.071 
D 95 0.320 0.075 
E 70 0.443 0.076 

Overhead Line 
H 95 0.32 0.085 

Service Connection 
L 35 0.851 0.041 

V. RESULTS 

A. Active/Reactive power  
Fig. 4 presents the mean active and reactive power demand 

of customers for each network for 1% and 3% voltage 
reduction. The results are more clearly displayed in Fig. 5, 
which shows the variation of the percentage of active and 
reactive power variation during the day. It can be seen that the 
power reduction percentage is following the np and nq curves.  
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(b) Sub-urban sub-sector 

Figure 4.  Active and reactive power reduction in the two test 
networks due to voltage reduction. 
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Figure 5.  Percentage variation in active and reactive power during the 

day for 3% voltage reduction for both networks. 

0 2 4 6 8 10 12 14 16 18 20 22 24
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Time (h)

Pe
rc

en
ta

ge
 d

iff
er

en
ce

 

 

Upper Envelope
Variation in P
Lower Envelope

 
Figure 6.  The envelope of percentage variation of active power 

percentage reduction in sub-urban network for 3% voltage reduction. 

In Fig. 4 and 5, it is observed that the greater power saving 
occurs during the peak hours. Also it is seen that at the same 
time intervals, the percentage reduction of reactive power is 
larger than the equivalent of active power. This will have an 
impact on the power factor of the whole system. 

The results in Fig. 6 show a more detailed analysis of 
active power reduction and displays the range of values 
obtained. These results show a margin of 2.5-4.5% during 
peak loading times, with a much more modest reduction of 
0.5- 2.0% during night-time. When using the constant values 
of weighted mean value polynomial model, the percentage 
reduction of power demand remains approximately constant 
during the day. Therefore, this will over-estimate the reduction 
during the night-time and underestimate the reduction during 
the peak hours, which are of most significance. 

B. Voltage  
One factor that has to be considered is the limits on 

voltage variation. In UK, the nominal voltage of the LV 



network is 230/400V with a tolerance margin of +10/-6%. If 
voltage control applies, this restriction can be an issue during 
the time of peak demand, when the voltage magnitude is 
reduced from the nominal value. Lowering the voltage 
magnitude further may lead to voltage violations. 

Fig. 7 presents the voltage variation on the node with the 
most distant load for the two tested networks (highly-urban 
HU9 and sub-urban SU5 in Fig. 3). The minimum voltage is 
recorded at this node and it can be seen that, when the voltage 
supply is reduced by 3%, the voltage is dropped relatively 
close to the lower limits of the supplied voltage. This is more 
likely to present a problem when the isolated LV networks are 
connected to distribution networks, as the inherent voltage 
drops within this system will reduce the voltage magnitude at 
the primary of the LV secondary distribution transformer. 
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(b) sub-urban network 

Figure 7.  Voltage variation on the most distant load during the day for 
both networks. The thick lines show the mean voltage magnitude and 

the light lines represent the minimum and maximum limits.  

C. Losses 
The losses recorded in the LV networks are not 

significantly affected by the different scenarios. There is 
approximately a 0.33% difference per 1% voltage reduction. 

This negligible difference can be attributed to the aggregate 
load characteristics. From the aggregated np of total load 
model (Fig. 2b) which is close to 1, it is noticed that the load 
behaves more like a constant current load and thus the 
transmission losses remain approximately constant. 

VI. CONCLUSIONS AND FURTHER WORK 
This paper has presented some preliminary results the 

potential of voltage control of LV networks to reduce power 
demand. The stochastic simulation approach taken in this 
paper differs from the previous research in this area, which is 
based on field measurements, but the general conclusions are 
the same. However, the additional detail available using the 
approach presented in this paper clearly illustrates the 
variation in active power reduction. 

The performance of the detailed time-varying load models 
was demonstrated by comparing against a weighted mean load 
model, which was shown to under-estimate the demand 
reduction during peak hours. Future research will focus on 
applying this analysis to a wider network supplied from 33/11 
kV OLTC transformer with more customers, where the 
expected influence will be greater. 
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