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a b s t r a c t

With the increasing penetration of distributed generations (DGs) in distribution systems, new challenges
are introduced into voltage control of distribution systems, such as the frequent switching operations of
traditional voltage control devices, resulted from rapid voltage fluctuations, and coordination between
traditional voltage control devices and fast controllers such as inverters in DGs. In order to solve the chal-
lenges above, an event-trigger based two-stage architecture is presented, taking the characteristics of
inverters and conventional devices, such as on-load tap-changers (OLTCs) and shunt capacitor banks
(CBs), into account. An event-trigger mechanism is designed to make a fast response to large voltage devi-
ations and reduce unnecessary switching operations of traditional devices, compared with periodic meth-
ods. The integration of inverter-based voltage control, in the proposed two-stage architecture, can
provide a fast and continuous response to voltage deviation. Moreover, as reactive capacities in DGs,
determined by inverters, are reserved in global voltage optimization, it can further reduce the switching
operations of traditional devices in the following voltage control process. Simulations in a IEEE 33-bus
distribution system show that the proposed architecture can ensure a higher voltage quality and reduce
the number of switching operations of OLTCs and CBs by the event-trigger mechanism, the integration of
inverter-based local voltage control, and the inverter’s reserved reactive power capacity in global voltage
optimization.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

As an effective method to maintain voltage stability and reduce
power losses, voltage control is critical to all electric distribution
systems. However, the increasing penetration of distributed gener-
ations (DGs), such as solar and wind generations, have greatly
affected the conventional voltage control. For example, DGs inte-
grated into a power system increase the number of switching oper-
ations of tap-changers coupled with automatic voltage regulators
by more than three times [1]. This will decrease switching device
lifetime significantly and, hence, to power supply suspension for
device management, resulting additional financial burdens on sys-
tem operators [2]. Moreover, traditional voltage control devices
such as on-load tap-changers (OLTCs)1 and shunt capacitor banks
(CBs), regulating voltage discontinuously, cannot rectify voltage

deviation exactly. A potential solution to these problems lies on
the utilization of the fast controllers in DGs, such as inverters, to pro-
vide fast and continuous voltage regulation by controlling reactive
power flow in the circuit [3]. In order to integrate the inverter-
based voltage control into the conventional voltage control, a new
architecture, taking the different characteristics of OLTCs, CBs (e.g.,
long response time, usually several seconds [4], large voltage regula-
tion capacity, and high operation cost) and inverters (fast and con-
tinuous response, limited voltage regulation capacity, and low
operation cost) into account, must be designed.

Voltage control in a distribution system has been extensively
studied in the literature. Most efforts focus on dispatching tap-
changers and CBs to minimize voltage deviation and power loss
[5,6]. Recently, the feasibility of inverter-based voltage control
has been proven in [7–12], where the reactive power output of
inverters are dispatched to stabilize voltage in distribution sys-
tems. In [12], inverters are coordinated to make a rapid and contin-
uous response to voltage deviation in a distributed two-stage
architecture, where only inverters, with limited reactive capacities,
are coordinated and they can’t stabilize large voltage fluctuations.
That is, the coordinations between inverter-based voltage control
and conventional voltage control must be considered [13–17],

http://dx.doi.org/10.1016/j.ijepes.2017.08.030
0142-0615/� 2017 Elsevier Ltd. All rights reserved.

q This work was supported in part by the National Nature Science Foundation
under Grants 61673275, 61473184, and China Scholarship Council.
⇑ Corresponding authors.

E-mail address: longcn@sjtu.edu.cn (C. Long).
1 On-load tap-changers enable voltage regulation and/or phase shifting by varying

the transformer ratio under load without interruption.

Electrical Power and Energy Systems 95 (2018) 577–584

Contents lists available at ScienceDirect

Electrical Power and Energy Systems

journal homepage: www.elsevier .com/locate / i jepes

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2017.08.030&domain=pdf
http://dx.doi.org/10.1016/j.ijepes.2017.08.030
mailto:longcn@sjtu.edu.cn
http://dx.doi.org/10.1016/j.ijepes.2017.08.030
http://www.sciencedirect.com/science/journal/01420615
http://www.elsevier.com/locate/ijepes


where inverter, load ratio control transformer, step voltage regular,
shunt capacitor, shunt reactor, and static var compensator are
coordinated to optimize the voltage in distribution systems. Even
though inverter and traditional voltage control devices are re-
dispatched coordinately, they ignore the characteristics of tradi-
tional devices, such as OLTCs’ high operation cost (related to the
number of switching operations), long response time, etc.

To utilize the advantages of inverters and traditional voltage
control devices, a two-timescale voltage control method is
designed in [18] and their further work [19], where the reactive
power output of inverters are dispatched in a small timescale to
make a fast response to voltage deviation while traditional voltage
control devices are dispatched in a much larger timescale to reduce
the number of switching operations of traditional devices. How-
ever, the inverter-based voltage control, with a limited reactive
capacity, can not stabilize the voltage if the fluctuations are large
within the larger period, and there may be unnecessary switching
operations for traditional devices as they are dispatched in a fixed
period. New coordination architecture must be designed, which
can guarantee a fast and continuous response in inverter-based
voltage control, preserve a large voltage regulation capacity in tra-
ditional devices, and minimize the operation cost.

In this paper, an event-trigger based two-stage voltage control
architecture is presented, considering the characteristics of the
conventional voltage control and the inverter-based voltage con-
trol. Specially,

1. An fuzzy comprehensive evaluation based even-trigger mecha-
nism is designed, which can make a fast response to large volt-
age deviations and reduce unnecessary switching operations of
traditional devices, compared with periodic methods [18].

2. The two-stage architecture ensures a fast and continuous
response to small voltage deviations and stabilize the voltage
under large voltage deviations. In details, inverter’s reactive
power output is regulated rapidly and continuously as a
response to small voltage deviations. Global voltage optimiza-
tion is triggered to enhance the limited local voltage regulation
capacity once the voltage deviation is large.

3. In addition to minimize voltage deviation and power loss in glo-
bal voltage optimization, the reactive power capacities of
inverters are reserved to further reduce the switching operation
of traditional devices in the following voltage control process.

The remainder of this paper is organized as follows. An
overview of the architecture is presented in Section 2. Section 3

provides the local voltage control method for distribution systems.
Fuzzy comprehensive evaluation is presented in Section 4.
Section 5 gives the global voltage control in distribution systems.
Simulations and conclusions are presented in Sections 6 and 7,
respectively.

2. Architecture overview

The proposed event-trigger based two-stage architecture is
given in Fig. 1, where local voltage control and global voltage con-
trol are coordinated to stabilize the bus voltage. There are two
components in local voltage control, DGs and local controllers
(LCs), i.e., inverters. As a response to voltage deviation, inverters
can change the reactive power output rapidly and continuously.
There are three components in global voltage control, fuzzy com-
prehensive evaluation module, global voltage optimization and
controlled devices, such as OLTCs, CBs, and DGs. Using systemic
measurements (red2 dash line), the fuzzy comprehensive evaluation
module assesses the operational states. Once the assessment results
exceed the pre-set threshold, global voltage optimization is trig-
gered, then OLTCs, CBs, and DGs are dispatched by commends (blue
dash-dot lines) to coordinately regulate the voltage. The local voltage
control, fuzzy comprehensive evaluation, and global voltage control
will be illustrated in the following three sections.

3. Local voltage control

In local voltage control, we aim to making a rapid and continu-
ous response to the voltage fluctuation by controlling the reactive
power output of inverters. Denote the distribution system as
G ¼ ðf0g [ N;AÞ, where f0g and N are the substation bus and
branch buses, respectively, A is the distribution line set. Suppose
OLTC is connected to substation bus. Let M#N and M0 #N be the
node set connected to CBs and DGs, respectively. Here, we assume
that there is a local controller for each DG, which monitors the

node voltage Vi in realtime. Utilizing the reference voltage Vref
i ,

the local controller can estimate the demanded reactive power as
follows [12].

DQi½t� ¼ a � Vref
i ½t� � Vi½t�

� �
=sii; ð1Þ
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Fig. 1. The architecture of the event-trigger based two-stage voltage control.

2 For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.
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