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ABSTRACT 
On-Load Tap Changers (OLTC) are used by Distribution 
Network Operators (DNOs) to regulate the output voltage 
of transformers and thus manage the voltage at grid and 
primary substations. An Energy Storage System (ESS) is 
equipped with power electronics interfaces which are 
capable of supporting the voltage control in different 
network points while delivering ancillary services in 
parallel to the electricity grid.  
 
The aim of this paper is to propose an alternative scheme 
of voltage control which uses reactive power from an ESS, 
optimising the utilisation and thus extending the life of 
OLTCs used on distribution networks. The proposed ESS 
Co-ordinated Voltage Control Service (CVCS) has been 
developed and assessed in a real 7.5MVA/6MW/10MWh 
ESS connected on the secondary (11kV) side of a primary 
substation in the UK.  
 
The trial results showed that a grid scale ESS is suitable 
and effective in providing voltage support across a full 
load cycle (24 hours), while allowing a lifetime extension 
and maintenance deferral of OLTC’s in primary 
substations. 

INTRODUCTION 
License conditions require UK DNOs to plan, develop and 
operate their networks under the Distribution Code with 
specific Regulations, Standards and Engineering 
Recommendations, part of which are the Electricity 
Safety, Quality and Continuity Regulations (ESQCR) of 
2002. Part VII of the ESQCR defines the acceptable 
variations of the voltage supply for different voltage 
levels. DNOs in the UK operate assets varying between 
Low Voltage (LV, 230V to 1kV), High Voltage (HV, 1kV 
to 33kV) and Extra-High Voltage (EHV, 33kV to 132kV), 
hence different statutory voltage levels are applied for 
different voltages. For HV and EHV supplies up to 132kV 
these limits are +6%/-6% of the declared voltage 
respectively [1]. 

Automatic Voltage Control (AVC) schemes are 
considered to be one of the most reliable methods to 
regulate the voltage levels, but their implementation 
involves significant capital costs. The continuously 
growing peaks and troughs that shape a daily demand 
profile, and the intermittent output of distributed 
generation, increase the requirement of tap operations and 
considerably reduce the lifetime of the asset. As a result, 
more accurate voltage control methods could be explored 
for DNOs, to both extend the OLTC lifetime and act as a 
backup voltage regulator in case the OLTC fails. 
 
Previous research suggests that grid scale ESS can be used 
to reduce tap changing operations and resolve voltage and 
thermal excursions by reactive power compensation at the 
primary substation [2]. Leighton Buzzard was proposed to 
perform a coordinated voltage control trial due to the 
availability of a grid scale ESS. This was the Smarter 
Network Storage (SNS), owned by the DNO UK Power 
Networks, and connected to the secondary side (11kV) of 
Leighton Buzzard substation. The proposed ESS CVCS 
involves providing reactive power compensation at the 
substation using the power conversion systems of SNS 
(with 7.5MVA maximum capacity). 

METHODOLOGY 

Overall description of the voltage control support 
Leighton Buzzard primary substation is fed from Sundon 
grid substation via two 33kV conductors. The two 
conductors have identical physical characteristics but 
follows a slightly different route to Leighton Buzzard; total 
length for circuit 1 is 9km and for circuit 2 is 9.3km. At 
Leighton Buzzard Primary substation, these lines are 
connected to two 33/11kV 38MVA distribution 
transformers that are configured to run in parallel and share 
a common 11kV busbar, as shown in Figure 1.  
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The ESQCR requirements define a ±6% maximum 
tolerance of the nominal voltage (11kV) for HV 
distribution networks.  

Originally, the voltage at the substation is retained within 
defined limits using an AVC scheme. This ensures that the 
voltage at the secondary side of the substation remains 
within a particular range. The scheme comprise one AVC 
relay and OLTC connected to each transformers. The AVC 
relays are configured to regulate the voltage within 
+1.5%/-1.5% or 0.985/1.015pu of the nominal voltage, a 
tighter-than-required voltage bandwidth, to compensate 
for the additional voltage drop that occurs downstream on 
the 11kV distribution system. Similarly, the system has a 
setting adjustment which depends on the load current of 
the substation, to compensate from higher voltage drop 
due to larger loading levels.  
 
The two AVC relays monitor the voltage at the 11kV 
nodes in real time. When the voltage exceeds the pre-
defined thresholds, an initial tap timer starts counting 
down, before a tap operation command is sent to the 
OLTC. The tap delay on the AVC relays extends the 
OLTC lifetime by avoiding tap operations when the 
voltage is fluctuating close to the thresholds. Further to the 
initial tap delay, in the event of a tap change occurring and 
the voltage levels still exceeding the pre-determined limits, 
an inter-tap timer starts counting down, before a second 
command is given for an inter-tap operation.  
 
As the two 33/11kV transformers in Leighton Buzzard 
operate in parallel, every command for tap operation sent 
by any AVC relays is sent to both OLTCs to ensure that 
both are in the same position and to avoid increased losses 
due to circulating currents between them. There are 17 tap 
positions in total and each tap operation on the EHV side 
reduces/increases the voltage level on the HV side by 
1.25%, providing a maximum of +10/-10% bandwidth 
control of the transformer voltage rating. 
 
Combined OLTC and SNS voltage control principle 
The demand on Leighton Buzzard primary during winter 

time has average swings of 20MVA between the lowest 
and highest demand. These swings require up to 14 tap 
operations per day to retain the voltage levels within the 
set limits. From early in the morning until the evening peak 
hours, the load is inductive, exacerbating voltage drops. 
During night hours with low demand, the equivalent 
circuit becomes capacitive, resulting in higher voltage 
levels. A proposed voltage regulation scheme which runs 
in parallel with the AVC scheme on site would be able to 
monitor in real time the voltage levels, and have the 
capability to regulate voltage in a tighter threshold than 
that set at the AVC relays. The impedance of the 11kV 
network in Leighton Buzzard as seen from the ESS, has a 
reactance to resistance (X/R) ratio of 4/1 and 
consequently, the delivery of reactive power has a higher 
impact on the substation voltage compared to active 
power. Consequently, the provision of only reactive power 
is the preferred option to regulate voltage on the 
substation.  
 
The SNS is connected to the 11kV network in Leighton 
Buzzard via Power Conversion Systems (PCS), which are 
power electronics interfaces that enable a 4-quadrant 
operation and can provide reactive power exchanges upon 
different control strategies. The PCS in SNS also allow for 
the control of active power and reactive power 
independently. The overall control systems of the ESS 
have been originally designed to utilise reactive power 
modules on three control strategies; peak shaving, power 
factor correction and voltage control. The first two 
strategies have been tested and presented in SDRC 9.7 [3] 

Description of hypothesis 
As part of the voltage trials, it was assumed that by fixing 
the OLTC in a mid-position of the above mentioned range 
the voltage of Leighton Buzzard substation could be 
controlled by using the reactive power support from the 
PCS in SNS. Likewise, due to the independent control of 
active and reactive power, it was also assumed the PCS in 
the ESS can operate under active power modes (i.e. grid 
frequency balancing support, peak shaving support and 
state of charge adjustment) while delivering in parallel 
reactive support to the substation. 
 
The AVC relay operating principle [4] 
Usually the configuration of AVC systems consist of tap 
changers located on the primary side of the power 
transformer; Voltage Transformer (VT) and Current 
Transformer (CT) which are located on the secondary side 
[4]. An AVC relay is located externally in the switch room 
which collects the signals from VT and CT and 

Figure 1 Single Line Diagram of the Leighton Buzzard 
S l  
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subsequently controls the operation of tap changers. Figure 
2 shows the different parameters that need to be set on the 
AVC relays.  

 
The AVC relay parameters and existing settings are 
described as follows:  
 
Target Voltage: The relay target voltage is a dynamic 
quantity and is affected by several factors associated with 
the voltage control system. The calculation of the relay 
target voltage is shown in Equation 1: 
 
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝑉𝑉𝑙𝑙𝑙𝑙𝑏𝑏      (1) 
 
Where  Vtgt: relay target voltage used for control 

Vbasic: relay basic target voltage setting 
Vldc: load drop compensation bias voltage 

 
Basic Target Voltage: The basic target voltage of the relay 
defines the normal operation target voltage for the control 
system. It is expressed as a percentage, with 100% 
corresponding to the network nominal voltage. For 
Leighton Buzzard AVC relays the Basic Voltage Target 
was set to 97% (10.67kV). 
 
Load Drop Compensation (LDC): LDC is used to offset 
voltage drops caused by load current flowing across a 
network. The voltage is applied in proportion to the load 
current and is expressed as a percentage boost at full load 
(firm capacity setting).  
Leighton Buzzard Primary substation uses the following 
settings on the AVC relay: 

Firm Capacity = 34MVA 
LDC setting = 5% 

 
Relay Bandwidth: The two AVC relays and OLTCs 
connected to the two transformers in Leighton Buzzard 
Primary Substation are configured to regulate the voltage 
within +1.5%/-1.5% or 0.985/1.015pu of the nominal 
voltage.  
 
Delays: Initial tap time delay has been set to 60 seconds 
and inter-tap time delay is set to 30 seconds. 
 
Voltage Control Mode in SNS [5] 
The voltage control operation mode of SNS is composed 
of a Proportional-Integral (PI) controller, which regulates 
the apparent power exchanged from the plant by adjusting 

the magnitude and phase of the current from the IGBT 
semiconductors of the PCS modules [5]. The ESS registers 
in real time the voltage levels at the common coupling 
point (VPCC) the network, compares it with the reference 
signal provided in the settings and then feeds the error to 
the PI controller, as shown in Figure 3. 

 
Figure 3 Schematic of the PI controller in SNS 

The controller uses a pre-defined voltage dead-band (i.e. 
upper and lower limits) to compare the error signal 
between the sampled VPCC with the reference signal. When 
the limits are exceeded, the power output of the plant is 
altered accordingly. Additionally, the battery operator can 
modify the ‘ki’ and ‘kp’ parameters of the controller to 
alter the response curve of the voltage control mode. 
 
It is worth clarifying that the voltage control mode can 
apply voltage regulation by exchanging reactive power, 
active power or both with the grid. However, for the 
purpose of these trials, only the reactive power module was 
used. This allowed for the parallel operation of the voltage 
regulation mode with State of Charge (SoC) adjustment 
and other grid services provided by the asset which mainly 
use the active power control modules of the PCS (e.g. 
Dynamic Firm Frequency Response (DFFR)). 
 
Existing AVC relay operating trend in Leighton 
Buzzard Substation 
The OLTC of Leighton Buzzard Primary substation 
changes position 11 times on average during the 24 hour 
time frame of a normal work day in November. These 
positions vary from No. 3 to No. 8 following the average 
pattern indicated in Figure 4. 
 

Trial approach 
The aim of the voltage control test was to hold the OLTC 
of the primary substation on a mid-point position for 24 
hours by providing reactive power compensation from the 

Figure 2  AVC relay parameters 

Figure 4 Typical pattern of the OLTC daily position variation 
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power control systems of SNS. The trials also aimed to 
show SNS being capable of providing this reactive power 
compensation to the primary substation while performing 
other services in parallel, mainly using active power (i.e. 
DFFR and SoC adjustment). 
 
As part of the voltage control trials on Leighton Buzzard 
substation the ‘ki’ and ‘kp’ parameters were chosen at a 
level that was twice the optimal parameters to increase the 
rise time (response time) of the controller [5]. The 
parameters chosen were:  
ki = - 2.5kVAr/V  
kp = - 12kVAr/V 
 
The reference signal of the controller (i.e. desired voltage 
level on the secondary of the substation) had to be adjusted 
constantly and also be synchronised with the target voltage 
of the AVC relay in the primary substation. For the 
purpose of these trials it was proposed to change the 
voltage reference of the PI controller five times over a 24 
hour window, to synchronise with the changes on the Vtgt 
of the AVC relay due to variations on the load of Leighton 
Buzzard Primary Substation, given the load drop 
compensation mode. 
The Vref of the PI controller was adjusted as per Table 1. 
 

Time window Vref of PI controller 
00:00:00 to 11:45:00  11.00 kV 
11:45:00 to 16:00:00  11.10 kV 
16:00:00 to 19:50:00  11.15 kV 
19:50:00 to 20:30:00  11.10 kV 
20:30:00 to 24:00:00  11.00 kV 

Table 1 Reference voltage of the PI controller 

The dead-band voltage being used for the PI controller was 
set to 80V, which is half the bandwidth of the AVC relay.  
 
 

This setting allowed the PI controller of SNS to react in 
advance of any initial tap timer signal that could be 
activated on the AVC relay. 

RESULTS 
In order to assess the results of the trials, profiles of 
reactive power consumption, apparent power 
consumption, voltage, and tap operations were examined 
for days during which a) no reactive power was injected to 
control voltage; and b) reactive power was injected to 
control voltage. These profiles are shown in Figure 5 and 
Figure 6 respectively. 
 
Both figures show the great variation in the apparent power 
demand of Leighton Buzzard, varying by between 15MVA 
and 17MVA over a 24 hour period. 
 
Figure 6 shows the successful trial undertaken, during 
which no OLTC operations occurred. In the same time 
period the asset was also performing in parallel other 
functions using only active power from the PCS modules 
(i.e. DFFR and SoC adjustment). 
 
In contrast, Figure 5 shows that for a period of 24 hours 
with no reactive power exchange from the ESS, the OLTC 
operated 11 times to stabilise the voltage of both 
transformers within the tolerance. The OLTC position 
profile was observed to follow the substation demand 
profile, and even with these operations, the voltage of the 
transformers varies by approximately 400V. 
 
Meanwhile, Figure 6 shows that, for a period of 24 hours 
with a similar substation demand and reactive power 
support from the ESS, VPCC is stabilised within a much 
tighter band of approximately 100V. VL1 and VL2 are also 
held within a significantly tighter band of around 210V. 

Figure 5 Profiles from the 16th-17th November 2017, showing no reactive power being injected 
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Moreover, no OLTC operations occurred throughout the 
24 hour period (i.e. full load cycle).  
Particularly worthy of note is that in Figure 6, the reactive 
power injection was able to completely avoid any voltage 
fluctuation from occurring during the SNS routine 
charging process (i.e. considered to be a step demand 
signal). This is in contrast to the method of AVC relying 
solely on OLTC, which experiences a large voltage 
decrease during this step load as seen in Figure 5. 

DISCUSSION  
The success of the trial presented proves that no OLTC 
operation can be achieved over a 24 hour period for a 
demand variation of 15MVA and a maximum demand of 
30MVA using a 7.5 MVA/ 6 MW/10 MWh energy storage 
system with four quadrant PCS. To ensure this success, it 
should be noted that the AVC relay reference voltage 
should be synchronised with the reference signal of the PI 
controller within the SNS. Moreover, whilst the average 
OLTC changes on a daily basis is 11 operations without 
any reactive power compensation device, the introduction 
of a CVCS could extend the routine maintenance of OLTC 
and, subsequently, reduce the related shutdowns on the 
transformer. Given a typical OLTC lifetime of 50,000 
operations for legacy technology units, this corresponds to 
a typical mean time before major maintenance increase 
from 12.45 years without CVCS to potentially 25 years [6].  
 
It has been deduced that coupling CVCS using a reactive 
power compensation device with OLTC operations could 
significantly increase the lifetime and reduce the 
maintainability of OLTC, which represents savings in both 
capital and operational expenditures. Even though the 
proposed ESS CVCS method can undertake full substation 
voltage control (without OLTC operations) for a demand 
of up to 30MVA and a demand variation of 15MVA, 
further trials need to be performed to guarantee the 
effectiveness of the CVCS when demand reaches the firm 
capacity (i.e. 34MVA) and larger demand fluctuations. 
 
The trials shown on this paper have also demonstrated that 
grid scale energy storage systems can successfully deliver 
parallel services independently using reactive and active 

power. During the delivery of DFFR and SoC adjustment 
operations the plant requires active power exchange which 
may cause voltage fluctuations at the local distribution 
network. However, with the simultaneous provision of 
reactive power this issue can be mitigated and DNOs can 
integrate more grid scale energy storage systems in areas 
with low fault levels.  
 
Finally, the introduction of CVCS could enable the 
integration of more intermittent distributed generation not 
only by supporting the grid frequency (i.e. through the 
delivery of DFFR service or any future DSO balancing 
mechanism) but can also support the local DNO’s network 
by achieving voltage stability on primary substations. 
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