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a  b  s  t  r  a  c  t

This  paper  investigates  daily  volt/var  control  in  distribution  networks  using  feeder  capacitors  as  well as
substation  capacitors  paired  with  on-load  tap  changers.  A two-stage  coordinated  approach  is  proposed.
Firstly,  the feeder  capacitor  dispatch  schedule  is  determined  based  on reactive  power  heuristics.  Then,  an
optimisation  model  is  applied  to determine  the dispatch  schedule  of  the substation  devices  taking  into
account  the  control  actions  of the  feeder  capacitors.  The  reference  voltage  of  the  substation  secondary
bus  and the  tap  position  limits  of transformers  are  modified  such  that  the  model  adapts  to  varying  load
conditions.  The  optimisation  model  is solved  with  a modified  particle  swarm  optimisation  algorithm.
The  proposed  method  is  compared  with  conventional  volt/var  control  strategies  using  a 14-bus  system
and  its  effectiveness  is further  illustrated  on  a  69-bus  system.  It is  demonstrated  that  the  proposed
approach  performs  better  than  the  conventional  strategies  in  terms  of  voltage  deviation  and  energy  loss
minimisation.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Control of volt and var devices such as on-load tap changers
(OLTC) and shunt capacitors affects the voltage profile and the total
power loss in distribution networks [1]. Dispatch of the volt/var
control (VVC) resources can be performed in a coordinated manner
in constrained environments to meet specific operational objec-
tives [2–17]. The complexity of the objective function, constraints,
and computation is influenced by, among others: regulatory lim-
its, switching limitations and available control devices. The focus of
this paper is daily VVC with switching restrictions, which is usually
applied to networks with widespread communication and control
coverage [7–17]. The additional requirement of this VVC approach
is a day-ahead forecast of load behaviour, which is made possible
by the existence of load forecasting techniques that provide good
accuracy [18,19].

Daily coordinated control of all distribution devices is compu-
tationally complex, but there are a number of ways to deal with
this difficulty. One way  to approach this is to simplify the solu-
tion space so as to reduce the computational burden. For instance,
the requirements of dynamic programming can be eased according
to [8,9,11], while a more efficient solver based on the interior-
point method is presented in [17]. In [10] the number of possible
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states is decreased by combining artificial neural networks, a rule-
based method and dynamic programming. Use of heuristic rules
can also reduce the number of possible device operations, therefore
simplifying the optimisation model [13]. These methods address
the issue of computational complexity but the requirements for
remote control infrastructure remain for network-wide implemen-
tation. Another alternative is to divide the scheduling problem into
two sub-problems: one handling the dispatch of the substation
capacitor (SC) and OLTC, and the other controlling the feeder capac-
itors (FCs) [12]. In particular, dispatch of the substation devices
minimises reactive power-flow and the voltage deviation at the
substation bus. FCs are then dispatched based on local bus volt-
age and power factor deviations using a fuzzy control scheme after
the substation devices have been dispatched. The final states of the
FCs are found when the bus voltage is within permissible limits. In
[20] the total loss and voltage deviations at load buses are mini-
mised through dispatch of all capacitors. The OLTC is controlled
in real-time to keep the substation secondary bus voltage close to
the set-point that incorporates the voltage change caused by the
capacitors. In these previous approaches, the objectives specified
for the substation control problem focus only on the secondary bus
at the substation. The rest of the buses are considered in the control
schemes for capacitors.

In this paper, a two-stage approach to daily VVC is presented
with the devices controlled in a different manner. Firstly, a strategy
to determine the FC dispatch schedule is developed using reactive
power set-points. Then, with the FC schedule as input, coordina-
tion of the SC and OLTC is formulated as an optimisation problem.
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The advantage of this approach is that the voltage deviations
can be reduced further by adjusting the transformer tap ratio
together with the capacitor on/off statuses. The reason is that,
unlike capacitors, transformers equipped with OLTCs usually have
a larger control range, smaller discrete steps and provide direct
voltage adjustments. Hence the model can produce an improved
voltage profile. Voltage magnitudes at all load buses are primarily
controlled at the substation with the statuses of FCs given as input.
Since the voltage constraint at each load bus is handled at the sub-
station, the FC control problem focuses solely on loss reduction. This
strategy facilitates the adoption of a technique relying only on reac-
tive power-flows at the substation to determine the control actions
for FCs. The FC control problem minimises the reactive power-flow
through the distribution feeders at the substation bus, while the
OLTC and SC problem minimises both the total loss and the voltage
deviations at all distribution network buses. The decomposition of
the VVC problem reduces the dimension of the optimisation model.
Furthermore, the model can be applied to networks with extensive
remote control capability and those with limited capability, i.e.
coverage from the control centre to the substation but no coverage
along medium voltage distribution lines.

The FC control problem is solved with a heuristic method while
the OLTC and SC control problem is solved by particle swarm opti-
misation (PSO) with consideration of the discrete nature of the
control variables. The performance of the proposed approach is
analysed in relation to various implementations of conventional
VVC. Simulation results show that the proposed approach min-
imises both the voltage deviations and the total energy loss while
conventional control considers one objective at a time depending
on specified settings.

The remainder of this paper is structured as follows. Section 2
gives a brief introduction of conventional VVC methods. Section 3
presents the proposed control strategy. A case study is described,
followed by a discussion of results in Section 4. Section 5 concludes
the study.

2. Conventional VVC

In traditional distribution networks, voltage regulation is
realised through manual or automatic adjustments of trans-
former taps so that the voltage lies between the given upper and
lower bounds. Automatic voltage regulation is achieved by using
transformers equipped with OLTCs at distribution substations. Gen-
erally, automatic voltage regulation (AVR) settings comprise a
voltage set-point and a deadband. The voltage set-point is the
desired voltage at the bus controlled by the OLTC. The deadband is
the allowed margin within which no tap changes are initiated; the
controller sends out tap changes whenever the voltage falls outside
the deadband. The steady-state tap position at time t is determined
using [21]

ut
TAP =

⎧⎪⎨
⎪⎩

ut−1
TAP + �ut

TAP, if Vset − Vt > 0.5Vdb;

ut−1
TAP − �ut

TAP, if Vset − Vt < −0.5Vdb;

ut−1
TAP, otherwise;

where �ut
TAP is the number of tap movements required to bring the

voltage Vt into the deadband, Vdb; Vset is the voltage set-point. The
deadband setting is, in general, selected in a way that avoids unnec-
essary operations [22]. The voltage set-point decision considers
feeder losses and voltage regulation limits [23].

Capacitor control aims to reduce reactive power-flow through
the substation transformer or the distribution feeder. In this way,
the total loss is minimised. The use of capacitors also has the effect
of raising voltage in addition to providing reactive power compen-
sation. In this paper, a combination of automatic voltage regulation

Fig. 1. Conceptual model of the proposed feeder var control and optimal substation
control.

using OLTCs and time-based capacitor control is implemented. This
method requires no remote control facilities because the OLTC and
capacitors are controlled locally. It is henceforth referred to as con-
ventional control.

3. Feeder var control and optimal substation control
(FVC–OSC)

The proposed method minimises the total loss and voltage devi-
ations in distribution systems. The conceptual model of the method
is illustrated in Fig. 1. The solution process comprises two stages.
Firstly the FC schedules are determined. Then the SC and OLTC
are coordinated optimally to complete the dispatch schedules. The
FC on/off statuses are derived from reactive power variations on
the feeder at the substation and supplied together with the fore-
casted active power and reactive power profiles of the loads to
the SC and OLTC control model. Then, an optimisation algorithm
is applied in which the switching sequences of the SC and OLTC are
obtained.

The index t denotes a time interval, whose length is �t  = 1 h;
[t�t, (t + 1)�t)  denotes a single interval and N specifies the total
number of intervals in the scheduling period, which in this study
is 24. The time interval and bus indices satisfy 1 ≤ t ≤ N, 1 ≤ d ≤ D
and 1 ≤ j ≤ D. D is the total number of buses in a given network.
The transformer tap position (adjusted by an OLTC) is represented
by the integer variable ut

TAP ∈ [Tmin, Tmax] and related to the tap
ratio at

r by at
r = 1 − ustut

TAP. ust is the size of a single tap incre-
ment/decrement step. Capacitors are realised as shunt elements
with on/off operations modeled as binary variables. ut

CAP ∈ [0,  1]
denotes the SC control action while the FC control actions are rep-
resented by ut

C,d
∈ [0,  1].

3.1. Feeder var control (FVC)

A heuristic scheduling technique based on the substation feeder
reactive power profiles is proposed for FVC. The aim of this
method is to minimise reactive power-flow through the trans-
former without SC and OLTC control. Furthermore, the total number
of operations for the FCs during the scheduling period must not
exceed the permissible limit.

The objective of FVC is to minimise feeder reactive power-flow
as described below:

N∑
t = 1

∣∣Q t
sub,n

∣∣ , (1)

subject to
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