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ABSTRACT Hybrid distribution networks manage not only the traditional voltage/var controllers such as
on-load tap changers and capacitor banks but also the independent entities such as grid-tied microgrids.
Voltage/Var control (VVC) is challenging in this evolved system due to the difficulty of motivating the
participation of various entities with conflicting interests. This paper proposes a multiobjective voltage/var
optimisation model seeking tradeoff solutions to drive all the entities to maximise their VVC contributions.
In the multiobjective VVC model, the contributions of different entities are identified by a fair resource
allocation based approach. Moreover, the operational model of grid-tied hybrid AC/DC microgrid is
integrated into the VVC to extend the application scenario to the future hybrid distribution network. The
proposed VVC fairly identifies the contributions and adequately captures the tradeoffs among various inde-
pendent entities, so their participation in VVC can be encouraged. The proposed multiobjective voltage/var
optimisation model is solved by a genetic based solver called multiobjective evolutionary algorithm based
on decomposition. The proposed VVC is tested on a modified IEEE 33 nodes system to demonstrate its
effectiveness and advantages.

INDEX TERMS Fair resource allocation, hybrid distribution network, multi-objective optimization, volt-
age/var control.

NOMENCLATURE
Ci Contribution in voltage/var control provided by

entity i
C� Contribution in voltage/var control provided by all

the entities
EP External population
J Set of on-load tap changers
K Set of capacitor banks
L Set of distributed generators in distribution

network
M Set of microgrids
N Set of all the entities
S Set of system buses
VQ Node voltage quality
wi Action of entity i

PARAMETERS
1V Maximum allowed node voltage deviation
ηch Charging cost coefficient of energy storage system

The associate editor coordinating the review of this manuscript and

approving it for publication was Hui Liu .

ηdis Discharging cost coefficient of energy storage
system

π Reward coefficient
∗, ∗ Lower and upper bound of variable *
Bij Susceptance of branch i-j
Cad Cost coefficient of interlinking converter in

microgrid
Cdg Cost coefficient of diesel generator in

microgrid
Cess Cost coefficient of energy storage system in

microgrid
Crg Cost coefficient of renewable generator in

microgrid
dQCBi Step size of capacitor bank at bus i
Gij Conductance of branch i-j
Pload Load comsumption in microgrid
SDGi Converter’s capacity of distributed generator i
SDGi Transformer’s capacity of microgrid i
Vrated Nominal voltage

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ 12015

https://orcid.org/0000-0002-6819-1734
https://orcid.org/0000-0002-9912-2520
https://orcid.org/0000-0002-2676-9171


F. Qiao, J. Ma: VVC for Hybrid Distribution Networks Using Decomposition-Based Multiobjective Evolutionary Algorithm

VARIABLES
∗
AC Variable * in AC subsystem of hybrid AC/DC

microgrid
∗
DC Variable * in DC subsystem of hybrid AC/DC

microgrid
α Binary variable of diesel generator in microgrid
β Binary variable of energy storage system in micro-

grid
ηi Modulation rate of distributed generator i
γ Binary variable of interlinking converter in micro-

grid
θij Voltage angle difference between bus i and j
ki Tap position of capacitor bank at bus i
PA2D Active power from AC subsystem to DC subsys-

tem in microgrid
Pch Charging power of energy storage system in

microgrid
PD2A Active power from DC subsystem to AC subsys-

tem in microgrid
PDGi Active power of distributed generator i
Pdis Discharging power of energy storage system in

microgrid
PLi Active power consumption of load at bus i
PMGi Active power from microgrid i
Psolar Active power of photovoltaic system in microgrid
Pwind Active power of wind turbine generator in micro-

grid
QCBi Reactive power of capacitor bank at bus i
QDGi Reactive power of distributed generator i
QLi Reactive power consumption of load at bus i
QMGi Reactive power from microgrid i
SOC State of charge of energy storage system
tapi Tap position of on-load tap changer i
Vi Voltage of bus i

I. INTRODUCTION
The integration of electronically interfaced distributed
generators (DGs) and microgrids (MGs) gives flexibility
to distribution network operator (DNO) for satisfying the
voltage/var control (VVC) objectives, which cover a wide
range of operational issues including power loss reduction,
coordination of different voltage/var resources, mitigation
of unexpected voltage variation due to the varying opera-
tional modes of DGs and MGs. In traditional distribution
networks, controllers such as on-load tap changers (OLTCs),
capacitor banks (CBs), and DGs can be dispatched towards
a global VVC objective. However, a hybrid distribution net-
work becomesmore diversified such that independent entities
such as MGs could contribute to the VVC objectives along
with other controllers by providing their ancillary power
injections [1], [2]. It is necessary to clear the definition of
’controller’ and ’entity’ in this paper. The term ’controller’
refers to a physically existing device that is capable of pro-
viding voltage/var support, i.e., an OLTC or a CB. The
term ’entity’ refers to an operator who may own multiple
controllers and responsible for regulating these controllers

contributing to the VVC objectives, i.e., anMG. In hybrid dis-
tribution networks, the challenge of VVC lies in not only the
difficulty to co-manage different controllers but also the lack
of a suitable motivation plan to encourage the participation
of various entities. A reformed VVC scheme is required for
this evolved system to rationally incorporate multiple entities
with distinct operational interests.

Extensive research works address VVC problem in hybrid
distribution networks by leveraging the controllability of the
electronically interfaced DGs, which can be divided into
three categories: centralised scheme [3]–[9], decentralised
scheme [10]–[14], and distributed approach [15]–[21]. More-
over, the participation of MGs in VVC has been investigated
in limited works. In [1], a centralised VVC is proposed to
regulate voltage in a distribution network with multiple DGs
and MGs. The optimisation is performed at the distribution
network management system to calculate the set-points of
OLTC, DGs, and MGs. The internal voltage and power loss
in each MG is obtained via a pre-trained artificial neural
network. In [22], a decentralised VVC is developed based
on the multi-agent system. A game based method is utilised
to reward MG’s contribution by using Sharpley value. This
method relies on a series of cost functions that can quantify
the contributions provided by different sets ofMGs’ coalition.
In [23], a two-stage distributed VVC is proposed to coordi-
nate various VVC entities in a distribution network. The MG
in which the voltage violation is sensed will call for help from
neighbouring controllable entities. Then, these neighbouring
entities update their set-points based on a cooperative dis-
tributed model predictive control algorithm.

For VVC problem in hybrid distribution networks, the fol-
lowing research gaps can be identified through the existing
literature. First, it is required to create a reasonably acceptable
motivation plan to reward different entities for their contribu-
tions. Consider that all the entities will have firm intention
of maximising their contributions when DNO proposes to
reward their participation, the motivation plan should address
any possible conflicts among the entities when accommo-
dating their contributions. Moreover, the contributions from
various entities need to be identified before rewarding them.
In a real system, different entities could interact with each
other through the power flow; then, not only their actions
but also their action sequences will lead to different voltage
profiles in the system. We can accurately quantify their con-
tributions only if we know their action sequences. Since this
knowledge is not acquirable in practice, alternative identifi-
cation methods need to be developed. Furthermore, the oper-
ational interests of different entities, including MGs, should
be considered when designing an applicable VVC for future
hybrid distribution networks. However, the participation of
grid-tied MGs, especially for those with advanced structures
such as the hybrid AC/DC MG [24], is rarely considered in
the existing VVC schemes.

This paper targets the above research gaps, and its major
contributions are as follows: 1) a multiobjective voltage/var
optimisation model is formulated to find tradeoff solutions
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for various VVC entities considering that their contributions
cannot be simultaneously maximised; 2) an identification
approach is developed based on fair resource allocation the-
ory to identify the contributions provided by different VVC
entities; 3) an integrated operational model for hybrid AC/DC
MG is developed to extend the application scenario to future
hybrid distribution networks.

This paper is organised as follows: Section 2 formulates
the multiobjective VVCmodel and the integrated operational
model of grid-tied hybrid AC/DC MG. Section 3 develops
a fair resource allocation based approach to identify the
contributions from various entities; Section 4 introduces a
genetic-based solver called multiobjective evolutionary algo-
rithm based on decomposition and illustrates the computa-
tion procedures of the proposed VVC. In Section 5, case
studies are carried out on a modified IEEE 33 nodes sys-
tem to show the effectiveness and merits of the proposed
method.

II. MULTIOBJECTIVE VOLTAGE/VAR OPTIMISATION
MODEL
In traditional distribution networks, VVC objectives are usu-
ally achieved by dispatching all the controllers through a
single objective optimisation model. However, the controllers
may belong to different entities in a hybrid distribution net-
work, which makes the traditional VVC inapplicable. The
entities in hybrid distribution networks usually receive cer-
tain rewards in proportion to their contributions. Under this
scenario, all the entities have a strong intention to max-
imise their contributions. However, increasing or decreas-
ing one’s contribution should be determined according to
whether this dispatch can help to improve the voltage qual-
ity. Besides, possible conflicts could occur when increasing
one’s contribution will lead to the decrease of others’. Thus,
the primary purpose of designing the VVC for hybrid dis-
tribution networks should be seeking trade-offs when dis-
patching various entities. To this end, the following mul-
tiobjective VVC model is developed to find tradeoff solu-
tions maximising the contributions provided by different
entities.

A. OBJECTIVES OF MULTIOBJECTIVE VOLTAGE/VAR
OPTIMISATION MODEL
The multiobjective optimization (MOO) problem is formu-
lated in (1). In this paper, DNO is treated as an entity who
can control OLTCs, CBs andDGs in the system, and eachMG
is treated as an independent entity who can manage its local
devices such as renewable DGs and energy storage systems
(ESSs). The objective fi in (1) represents the contribution
from the ith entity. For example, fi = Ci(x, u) could be the
contribution provided by an MG from controlling its local
devices.

Under the multiobjective model (1), any entity cannot
increase its contribution by decreasing others’. Then, the con-
flicts when all the entities intent on simultaneously maximis-
ing their contributions can be thoroughly addressed, which

makes the model applicable in a hybrid distribution network.

max{f1, f2, . . . , fN }

fi = Ci(x, u), i = 1, 2, . . . ,N (1)

The term x represents all the state variables such as node
voltages and power flows, and u represents all the decision
variables. For the VVC in a hybrid distribution network,
the decision variables include tap positions of OLTCs and
CBs, and set-points of DGs and MGs. Since the DGs and
MGs investigated in this paper electronically interface to
the system, their set-points include both active and reactive
power. It should be noted that the reactive power control
from a DG is constrained by its active power output; thus,
the total capacity limit is not violated. This cross-constrained
complexity is captured in our model, which optimises both
the active power and reactive power outputs. The constraints
for the system operation are described in the following
section.

B. HYBRID DISTRIBUTION NETWORK CONSTRAINTS
The equality constraints for a hybrid distribution network
are defined in (2), which include active and reactive power
balance of each bus and reactive power provided by CBs. The
term ki is tap position of the ith CB, and dQCBi is step size of
the ith CB. For the buses that are not connected by a DG,
an MG, or an CB, the corresponding terms set as zero in the
model. 

PDGi + PMGi − PLi

= Vi
S∑
j=1

Vj(Gij sin θij + Bij cos θij)

QDGi + QMGi + QCBi − QLi

= Vi
S∑
j=1

Vj(Gij sin θij − Bij cos θij)

QCBi = kidQCBi

(2)

The inequality constraints in (3) denote operational limits
for node voltage and adjustment ranges of OLTCs and CBs.
The adjustment ranges of OLTCs and CBs can be predefined
by their technical characteristics.

V ≤ Vi ≤ V
θ ≤ θi ≤ θ

tapi ≤ tapi ≤ tapi
0 ≤ ki ≤ ki

(3)

The constraints of power generation from DGs and MGs
are denoted in (4). The active power generation from a DG
can be controlled according to its predicted maximum active
power generation and the modulation rate ηi. The modulation
rate ηi is a discrete variable which can be ranging from its
lower to upper bounds. The reactive power generation from a
DG is restricted by its active power output and its converter’s
capacity. The active power injection of an MG PMGi can be
tuned within the range provided by MG’s operational model.
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The reactive power injection of an MG QMGi can be adjusted
concerning its active power injection and the capacity of its
transformer. 

PDGi = ηiPDGi
ηi ≤ ηi ≤ ηi

Q2
DGi ≤ (SDGi)2 − (PDGi)2

PMGi ≤ PMGi ≤ PMGi
Q2
MGi ≤ (SMGi)2 − (PMGi)2

(4)

C. HYBRID AC/DC MICROGRID OPERATION MODEL
Figure 1 shows the hybrid AC/DC MG investigated in this
paper. It consists of diesel generators, wind generator, photo-
voltaic (PV) system and ESSs. All of these devices interface
to the MG via electronic converters. Besides, an interlinking
converter is equipped between its AC and DC subsystem
and a solid-state transformer is connected between its AC
subsystem and the distribution network.

FIGURE 1. Schematic diagram of hybrid ac/dc microgrid.

For each time interval, the upper and lower boundaries
of MG’s active power injection can be obtained by calcu-
lating maximal and minimal local power generation, and it
cannot exceed the capacity of the transformer. The bound-
aries are provided to the MOO model as parameters. Then,
the setpoints for all the entities in the system can be deter-
mined, including PMG and QMG. After PMG and QMG are
determined, optimisation problem (5) is solved to minimise
the operational cost and calculate the setpoints for all the
local devices in MG. The cost coefficient Crg in (5) is
set as negative to ensure the renewable generation can be
only adjusted after all the other power sources are fully
loaded.

min J = Cdg(PACDG + P
DC
DG)

+Cess(PACdis + P
DC
dis )

+Cess(PACch + P
DC
ch )

+Crg(PACwind + P
DC
solar )

+Cad (PA2D + PD2A) (5)

The operational constraints of MG are defined in the fol-
lowing. The equality constraints in (6) denote the power

balance in AC and DC subsystems.
PACDG + P

AC
dis − P

AC
ch + P

AC
wind − P

AC
load

= PA2D − PD2A + PMG
PDCDG + P

DC
dis − P

DC
ch + P

DC
solar − P

DC
load

= PD2A − PA2D

(6)

The inequality constraints in (7) denote the operational
limits for the diesel generators. The binary variables αACDG and
αDCDG are utilised to control the on and off state of the diesel
generators. {

αACDGP
AC
DG ≤ P

AC
DG ≤ α

AC
DGP

AC
DG

αDCDGP
DC
DG ≤ P

DC
DG ≤ α

DC
DGP

DC
DG

(7)

The operational limits of the ESSs are denoted in (8).
The binary variables βdis and βch control the ESSs to be
operated in either charging or discharging state. The power
loss during charging and discharging is considered in the
model by setting ηch and ηdis as charging and discharging cost
coefficients. The state of charge of the ESSs is limited by the
corresponding lower and upper boundaries.

βACdis P
AC
dis ≤ P

AC
dis ≤ β

AC
dis P

AC
dis

βACch P
AC
ch ≤ P

AC
ch ≤ β

AC
ch P

AC
ch

βACdis + β
AC
ch ≤ 1

SOCAC
≤ SOCAC

−
PACdis
ηACdis
+ ηACch P

AC
ch ≤ SOCAC

βDCdis P
DC
dis ≤ P

DC
dis ≤ β

DC
dis P

DC
dis

βDCch PDCch ≤ P
DC
ch ≤ β

DC
ch PDCch

βDCdis + β
DC
ch ≤ 1

SOCDC
≤ SOCDC

−
PDCdis
ηDCdis
+ ηDCch P

DC
ch ≤ SOCDC

(8)

The inequality constraints in (9) are operational limits
for the interlinking converter and the solid-state transformer
(SST). The binary variables γA2D and γD2A are used to control
the power direction between AC and DC subsystem.

γA2DPA2D ≤ PA2D ≤ γA2DPA2D
γD2APD2A ≤ PD2A ≤ γD2APD2A
γA2D + γD2A ≤ 1
PMG ≤ PMG ≤ PMG

(9)

III. IDENTIFICATION OF VOLTAGE/VAR CONTRIBUTION
Applying the MOO model formulated in II requires an
explicit form to represent the contribution provided by each
entity. In this section, contribution in VVC is defined first,
and the challenge to identify the contribution is ascertained.
Finally, an identification approach is developed based on the
fair resource allocation theory to determine the contribution
provided by each entity.
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A. CONTRIBUTION IN VOLTAGE/VAR CONTROL
In a hybrid distribution network with high penetration of DGs
and MGs, it is often required to maintain the node voltages as
much close to the rated value as possible to keep the system
robust for accommodating the intermittent output of DGs and
various operation modes of MGs. Therefore, the contribution
in VVC is modelled according to the node voltage quality.
The node voltage quality of an S-node system can be quanti-
fied by (10), where Vrated is the nominal voltage of the system
and1V is the maximum allowed node voltage deviation (e.g.
1V could be 0.05 p.u. if maximum 5% voltage deviation is
permitted).

VQ =
S∑
i=1

(
|Vi − Vrated |

1V
) (10)

The total contribution from all the entities can be obtained
by (11), in which VQ0 is the node voltage quality in the
base case where all the entities are deactivated, and VQ� is
the node voltage quality when all the entities participate in
VVC. The term wi represents the action of the ith entity. For
example,wi could be the action of anMG, which includes the
adjustment actions of all its local devices.

C� = π (VQ0 − VQN )

= π [VQ0 − VQ(ω1, ω2, . . . , ωi, . . . , ωN )] (11)

The term π is a reward coefficient which can be
pre-defined by DNO. A reasonable π could be determined
by DNO to encourage independent entity’s participation to
achieve a satisfying voltage quality. For example, if the max-
imum allowed node voltage deviation is set as 0.05 pu, and
only one node is considered. All the entities could share 2π
reward from DNO if their participations help to improve the
node voltage quality from 1.1 to 1 pu.

B. IDENTIFYING CONTRIBUTION OF INDIVIDUAL ENTITY
Although the total contribution as defined in (11) can be
easily obtained by running two successive calculations with
and without entities’ participation, identifying any individual
entity’s contribution is challenging. This challenge lies in
the fact that different action order of an entity could result
in different value of its contribution. Simulation was carried
out on a test system with eight entities to demonstrate this
issue. In the simulation, the action order of the ith entity is set
from the first to the last, and its corresponding contributions
are shown in Figure 2. In the figure, C1

ωi
calculated by (12)

represents the contribution provided by the ith entity if it is the
first one adding to the system, while CN

ωi
calculated by (13)

represents its contribution if it is the last one adding to the
system. Here, we assume the reward coefficient π is one to
facilitate the analysis.

C1
ωi
= VQ0 − VQ(ωi) (12)

CN
ωi
= VQ(ω1, . . . , ωN−1)− VQ(ω1, ω2, . . . , ωN−1, ωi)

(13)

FIGURE 2. Impact of different action orders of the ith entity on its
voltage/var control contribution (N = 8).

Figure 2 shows that the contribution provided by an indi-
vidual entity could decrease if it is added to the system later
rather than earlier. Due to the non-linearity of the power flow
calculation and the cross-influence among multiple entities,
the illustrated feature inevitably exists in a system. Iden-
tifying entities’ contributions can be accurate only if their
action sequences are known, which is, however, not viable
in practice. Hence, an identification method doesn’t require
the knowledge of action sequences is required.

C. IDENTIFICATION APPROACH BASED ON FAIR
RESOURCE ALLOCATION
In this subsection, an identification approach is developed
based on the theory of fair resource allocation [25], [26],
which can fairly identify the contribution of each entity with-
out knowing their action sequences.

The total contribution calculated by (11) can be fairly dis-
tributed to the N entities by solving the optimisation problem
as formulated in (14). The optimisation model (14) can be
treated as a special form of fair resource allocation problem
that fairly distributes the total contribution C� to the N
entities. According to (14), the ith entity’s contribution is
represented byCωi , and the distance fromCωi toC

1
ωi
and from

Cωi to C
N
ωi
is minimised. It indicates that using Cωi provides a

fairest approach to quantify the contribution provided by the
ith entity without the knowledge of the action sequences.

min
N∑
i=1

[(Cωi − C
1
ωi
)2 + (CN

ωi
− Cωi )

2]

s.t.
N∑
i=1

Cωi = C� (14)

Cωi =
1
2
(C1
ωi
+ CN

ωi
)+

λ

4
(15)

The optimal solution of (14) can be calculated by the
Lagrangian method, which is shown in (15). The first term
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in (15) is the average value of C1
ωi

and CN
ωi
, which is indeed

a point between C1
ωi

and CN
ωi

in Figure 2. The value of this
term can be easily determined by applying (12) and (13).
The second term in (15) is a small mismatch generated by
the Lagrangian multiplier λ, which can be calculated by (16)
after the first terms and the total contribution are determined.

Using (15) can explicitly represent the contribution of any
individual entity. Then, the MOO model proposed in II can
be applied with the identified contribution of each entity.

λ

4
=
C� −

∑N
i=1(

C1
ωi
+CNωi
2 )

N
, i = 1, . . . ,N (16)

IV. SOLUTION METHOD
A. MULTIOBJECTIVE EVOLUTIONARY ALGORITHM BASED
ON DECOMPOSITION
The MOO VVC model formulated in Section II aims to
find trade-off solutions among multiple objectives, which can
be solved by utilising the concept of Pareto optimal [27].
Since the formulated MOO problem has high nonlinearity
and discrete features, it is challenging to solve it by using
a mathematics-based approach, such as the weighted sum
method [28]. In this paper, a genetic-based solver called mul-
tiobjective evolutionary algorithm based on decomposition
(MOEA/D) [29] is employed. MOEA/D solves a series of
sub-optimisation problems instead of the original optimisa-
tion problem to seek Pareto solutions. Since only a few infor-
mation of neighbouring sub-problems are required to solve
each sub-problem in each iteration, MOEA/D outperforms
other MOO solvers such as NSGA II [30] and MOGLS [31]
by its lower computational complexity.

The first step of MOEA/D is to decompose the original
MOO problem (1). In this paper, decomposition of (1) is
achieved by Tchebycheff approach. For an N-objective opti-
mization problem, an N-dimension vector λ = (λ1, . . . , λN )
is required for the decomposition. If the number of
sub-problems is R, a set of evenly spread weight vectors
[λ1 = (λ11, . . . , λ

1
N ), . . . , λ

S
= (λR1 , . . . , λ

R
N )] is required.

Then, R scalar optimization sub-problems can be decom-
posed from the original problem, and the objective function
of the ith sub-problem is

min gte(x|λi, z∗) = max
1≤k≤N

λik |fk (x, u)− z
∗
k | (17)

where z∗1, . . . , z
∗
N are reference values, i.e., z∗i = max fi(x, u)

for each i = 1, . . . ,N . Since gte is continuous of λ, the opti-
mal solution of gte(x|λi, z∗) is close to that of gte(x|λj, z∗)
if the Euclidean distance between weight vectors λi and λj

is close to each other. The gte(x|λi, z∗) can be optimised by
searching the weight vectors close to λi. Thus, all the R
sub-problems can be optimised simultaneously in a single run
based on their corresponding weight vectors. The major steps
of MOEA/D are introduced below in Table 1. The genetic
operator in Step 3.1 includes an one-point crossover stage and
a standard mutation stage, as suggested in [29]. The Pareto
solutions found in each iteration are stored in an external
population EP for the decision-making stage.

TABLE 1. MOEA/D steps.

B. CODING PRINCIPLE
For a system with J OLTC, K CBs, L DGs, and M MGs,
the length of an individual solution is J + K + L + M .
Table 2 shows a sample for an individual coded solution. The
first J + K + L digits are discrete variables, while the rest
are continuous variables. All the variables are heuristically
changing during the MOEA/D calculation concerning their
permitted ranges. It is worth noting that the permitted range
of QDG and QMG can be only determined after PDG and PMG
are chosen, thus, the allowed range for QDG and QMG are
dynamically updated with respect to the changing values of
PDG and PMG during each iteration.

TABLE 2. Sample of an individual coded solution.

C. DECISION-MAKING
ApplyingMOEA/D gives multiple Pareto solutions, and each
represents certain trade-offs among contributions of the enti-
ties. A problem specified decision-making stage is required
to make a unique decision for the final execution. Various
decision-making methods are proposed, such as graphical
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based method [32] and fuzzy theory-based method [33], [34].
In this paper, the maximisation problem, as shown in (18) is
used to make a decision, where U denotes the solution space
constituted by all the Pareto solutions. By applying (18),
the total contribution from all the entities are maximised in
the decision-making stage.

argmax
u∈U

J (u) =
N∑
i=1

Cωi (u) (18)

D. PROCEDURES OF THE VOLTAGE/VAR CONTROL
SCHEME
The flow chart in Figure 3 illustrates the computation proce-
dures of the proposed VVC. For each time interval, the upper
and lower boundaries of MGs’ active power injection are
determined by each MG. Then, the boundaries are sent to
DNO to execute the MOOmodel for calculating the setpoints
of all the controllers. Finally, DNO sends the determined PMG
and QMG to each MG to calculate the set-points of its local
devices.

FIGURE 3. Implementation of VVC algorithms.

V. CASE STUDY
A. HYBRID DISTRIBUTION NETWORK DESCRIPTION
Figure 4 illustrates the investigated hybrid distribution net-
work. The system is modified based on the one initially
used in [35]. The maximum allowed bus voltage deviation is
0.05 pu. In themodified system,OLTC controls the secondary
voltage of substation transformer, which is represented
by bus 1. The OLTC has 20 tap positions that is capable

FIGURE 4. Test system.

of controlling the secondary voltage ranging from 0.95 to
1.05 pu. All the CBs have three steps, and provide reactive
power compensation for 0.1 MVAr per step. Besides, there
are two wind turbine generators located at bus 24 and 8 and
two PV systems located at bus 30 and 14. These renewable
DGs connect to the distribution network via electronic con-
verters, and themaximum capacities of the converters are 3, 2,
1.5 and 1 MVA, respectively. The maximum modulation rate
for renewable DGs is set as 50%. In addition, three hybrid
AC/DCMGs are installed at bus 16, 21 and 32, and they have
the same configurations as shown in Table 3.

TABLE 3. Configurations of Hybrid AC/DC Microgrid.

The loads in the modified system are timed by four
to accommodate the augmented generation. The loads and
renewable generation in the modified system are changing
over the period based on their base capacities and correspond-
ing daily profiles in Figure 5.

The coefficients in contributionmodel (11) andMG’s oper-
ational mode (5) are chosen as shown in Table 4. Note that the
cost coefficients can impact the solutions as well as the energy
dispatch in MGs. Different sets of coefficients can be chosen
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FIGURE 5. Profiles for loads and renewable generation.

TABLE 4. Cost coefficients chosen in this paper.

by DNO in a real system to accommodate its operational and
economic interests.

For MOEA/D computation, the maximum iteration time
is 100, and the population size R is set as 100. The num-
ber of closest neighbours T is 15. The crossover rate and
mutation rate to be used in the genetic operator are 0.6 and
0.2, respectively. The reference vector z is initially filled
with infinite negative values and iteratively updated by the
maximal objective value discovered in each iteration.

B. ASSESSMENT OF VOLTAGE/VAR CONTROL
PERFORMANCE
1) VOLTAGE QUALITY
Two comparative case studies are performedwith andwithout
VVC functionality to demonstrate the effectiveness of the
proposed VVC. When the system operates without VVC
functionality, all the renewable DGs maximise their active
power generation, and their reactive power support are deacti-
vated. Besides, the grid-tied MGs inject active power accord-
ing to their operational model and disable their reactive power
support. Figure 6 shows the hourly voltage quality index
with and without activating the proposed VVC. The voltage
quality index is calculated by (10), where Vrated and 1V are
1 pu and 0.05 pu, respectively. The voltage quality index has
been reduced significantly with VVC functionality as shown
in Figure 6, which indicates that the voltage quality at all
hours has been improved under the proposed VVC scheme.

To further assess the VVC performance, voltage profiles of
some selected buses are illustrated in Figure 7. According to
Figure 7b, voltage profiles at these buses are out of permitted
range before activating VVC. The ending buses such as bus

FIGURE 6. Voltage quality index with and without VVC functionality.

FIGURE 7. Voltage profiles of bus 11, 18, 25 and 33 with and without VVC
functionality.

18 and 33 suffer from the worst voltage quality. After activat-
ing the proposed VVC, voltages at these buses are maintained
within a secured range from 0.97 to 1.02 pu as observed
in Figure 7a, even for the ending bus 18 and 33. It can be
ascertained that the bus voltage profile in the system improves
at all time after activating VVC functionality, which validates
the superior performance of the proposed VVC scheme.

2) SETPOINTS OF VOLTAGE/VAR CONTROLLERS
In the proposed VVC, various controllers are coordinately
scheduled. Their set-points are shown in Figure 8.
Figure 8a shows the secondary voltage of substation trans-

former. The OLTC controls the secondary voltage ranging
from 0.98 to 1.05 pu. According to Figure 8a, OLTC main-
tains low tap positions during the night, while it is operated
at relatively high tap positions during the daytime in response
to the heavy load in the system.
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FIGURE 8. Setpoints of various voltage/var resources.

Three CBs installed at bus 2, 24 and 30 are accordingly
scheduled to provide reactive power compensation. Figure 8b
shows the reactive power output of the CBs. It is worth

TABLE 5. Total active and reactive power generation of distributed
generators and microgrids.

FIGURE 9. Power balance in microgrid 1.

mentioning that adjustment times of the mechanical con-
trollers such as OLTC and CBs should be limited in a given
period to save their lifetime. This kind of limit is not con-
sidered in this paper as the primary focus is to to seek trade-
off solutions among various entities and fairly identify their
contributions. Moreover, we believe that frequent adjustment
may not be a problem if the system equips fully electronic
devices.

In the proposed VVCmodel, the active power from renew-
able DGs can be modulated for power balance purpose, and
their reactive power can be controlled to compensate reactive
power shortage. Figure 8c shows the setpoints of the DGs.
Table 5 shows the total active and reactive power provided by
the DGs.

Figure 8d shows the active and reactive power provided
by MGs. The MGs can either inject or absorb active power,
which provides a superior capability to smooth the load varia-
tion in the distribution network. According to Figure 8d, three
MGs respectively exchange active and reactive power with
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the distribution network. Their total power exchange during
the day is shown in Table 5.

3) POWER DISPATCH IN HYBRID AC/DC MG
In the proposed VVC scheme, the MOO model determines
the power exchange between MGs and hybrid distribution
network, while the setpoints of MG’s local devices are
determined by the operational model as proposed in II-C.
In Figure 9, the power dispatch in MG1 is shown to assess the
power dispatch in the grid-tied hybrid AC/DC MG. It can be
observed that the renewable generation in the MG is always
maximised. By contrast, the fuel-based diesel generators are
strictly limited at all time, and the ESSs are only activated
for limited hours to balance the load supply. The total oper-
ational costs of three MGs are 16.06 $, 16.80 $ and 22.88 $,
respectively.

TABLE 6. Voltage/var control contributions provided by different
voltage/var entities.

C. ASSESSMENT OF THE IDENTIFIED CONTRIBUTIONS
1) VOLTAGE/VAR CONTRIBUTIONS
There are four entities in the test system. Table 6 shows
their contributions. The bracketed numbers in second column
represent the hourly voltage quality index without VVC func-
tionality. It can be observed in the last row of Table 6 that four
entities help to reduce the daily voltage quality index from
1269.31 to 108.31. In response to their support, their shared
contributions are 255.69 $, 348.15 $, 66.54 $ and 490.63 $,
respectively. Moreover, it is noted that the contributions from
hour 6 to hour 15 are relatively higher compared to other
hours, which is due to that the loads during this period are
heavy and downstream MGs’ power support is effective in
improving the voltage quality.

It is worth noting that the contributions of MG1 and
MG3 are higher than MG2 at all time, although the param-
eters of their local loads and power generations are identical.
The reason lies in that MG1 and MG3 are installed at heavy
loaded buses and their power support can be more effective
in improving the node voltage quality of neighbouring buses.
This finding indicates that the location of anMGcould impact
its contributions. The optimum location of an MG from the
perspective of VVC could be an essential factor that should
be considered by MG’s operator, which is out of scope for
this paper and may require further investigation in our future
studies.

2) IDENTIFICATION ACCURACY
To validate the identification accuracy, the data obtained at
2nd hour is selected as shown in Table 7. The total contri-
bution at 2nd hour is 22.989, which is fairly distributed to
the four entities by using the proposed identification terms
as shown in the last row of Table 7. By contrast, using
identification terms in the first and second row will generate
mismatch in sharing the total contribution.

TABLE 7. Identification terms at 2nd hour.

VI. CONCLUSION
A multiobjective VVC model is proposed in this paper to
seek tradeoff solutions for various entities to maximise their
VVC contributions. The application of the multiobjective
VVC model is supported by an identification method, which
is developed based on the fair resource allocation theory. The
proposed VVC controls not only the traditional controllers
such as OLTC and CB but also the independent entities such
as MGs. This feature extend its application scenario to the
future hybrid distribution network where multiple entities
with different operational interests coexist.

It was validated that the proposed VVC can securely main-
tain the voltage quality in hybrid distribution networks and it
is capable of achieving optimised power supply in grid-tied
hybrid AC/DC MGs at the same time. Moreover, the inte-
grated identification approach in VVC scheme is capable
of fairly identifying the contributions provided by different
entities, which provides a promising solution for system oper-
ators to create an acceptable motivation plan to encourage the
participation of different entities. Besides, the identification
does not require the knowledge of entities’ action sequences,
which makes the proposed VVC viable to be used in practice.
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