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The increasing penetration of distributed energy resources and flexible electrical loads
makes hybrid AC/DC distribution networks become a crucial trend for future modern
distribution networks. To increase the flexibility and energy efficiency of hybrid AC/DC
distribution networks, a decentralized and multi-objective coordinated optimization
method by considering different control means is proposed. The salient feature of this
method is that it comprehensively and properly models the full variety of possible control
means (i.e., active/reactive power of distributed generation, on load tap changers, flexible
distribution switch, voltage source converter). The abundant means are utilized to optimize
operational cost, voltage deviation and network losses simultaneously. Then, a fully
decentralized optimization method based on alternating direction multiplier method
(ADMM) is proposed. The hybrid AC/DC distribution networks are divided into several
sub-networks. Flexible interconnected electronic devices are utilized to transfer energy
between different sub-networks to achieve the efficient and flexible utilization of
controllable resources in hybrid AC/DC distribution networks. Finally, the proposed
coordinated optimization method is tested on a modified dual IEEE 33-node network
to demonstrate its effectiveness and advantages, and the performance of the centralized
method and our proposed method is compared.

Keywords: hybrid AC/DC distribution networks, multi-objective coordinated optimization, decentralized control,
flexible electronic devices, alternating direction multiplier method

INTRODUCTION

In recent years, distributed energy resources, especially photovoltaic (PV) systems and distributed
energy storage systems, and flexible electrical loads, such as electric vehicles, are continuously
connected to distribution networks (Eajal et al., 2016; Liu et al., 2018). The physical form of
distribution networks is experiencing a fast transition (Zhang et al., 2018; Jiang, 2021). Hybrid AC/
DC distribution networks with the high-efficiency consumption and high-proportion access of new
energy have become a crucial trend for future modern distribution networks. Moreover, the
continuous development of power electronic technology brings flexible controllable electronic
devices into distribution networks, such as inverter-based distributed generator, static var
generator (SVG), flexible interconnection device, et al. (Ampofo and Myrzik, 2021; Cao et al.,
2021). Compared to traditional controllers, controllable electronic devices with fast response, low
operational cost and flexible control mode bring effective technical support the operation of
distribution networks (Zhao et al., 2018; Qiao and Ma, 2020; Zhao et al., 2021). To utilize all
the controllable devices to provide the ancillary service for operation optimization, it is necessary to
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study a new coordinated operation method for hybrid AC/DC
distribution system considering multiple control means.

Extensive studies address the coordinated optimization
problem in hybrid AC/DC distribution networks, which can
be divided into three categories: centralized scheme
(Capitanescu et al., 2014; Chamana and Chowdhury, 2018;
Chen et al., 2019), distributed scheme (Wang et al., 2018a;
Chai et al., 2018; Kouveliotis-Lysikatos et al., 2019), and
decentralized scheme (Calderaro et al., 2014; Antoniadou-
Plytaria et al., 2017; Xu and Wu, 2020). In centralized scheme,
the control center needs to collect all the measurement data
(i.e., the state of all nodes) to make a decision. In (Capitanescu
et al., 2014), based on a centralized control, a comprehensive
coordinated voltage management approach utilizing remotely
controlled switches, on-load tap changers (OLTCs) and shunt
capacitor banks while maximizing distributed generation’s (DG)
active power outputs is proposed. With the scale of distribution
networks becoming larger, centralized control cannot meet
control requirements due to the heavy communication burden
and poor scalability. However, in distributed control, there is not
a single central controller, but instead there are multiple
controllers. Each controller has its own specific object. All
controllers coordinate together to reach a collective decision,
which only requires exchange of information among neighboring
controllers (e.g., through wireless or power line
communications), and each local controller calculates its fair
contribution to meet the system request. Zeraati et al. (2019)
adopts a distributed voltages control strategy composed of two
consistent algorithms, which effectively utilizes plug-in electric
vehicles and PV. In (Robbins et al., 2013), a two-stage architecture
for voltage control is proposed to manage DG’s reactive power,
and the distributed control coordinates the power distribution
among the nodes of the distribution networks to achieve voltage
regulation. Moreover, a state between centralized and distributed
control is called decentralized control. A typical example of
decentralized control is the network partitioning into regions.
Each region is optimized internally and exchanges only the key
data of coupled lines and nodes with adjacent regions to complete
the control strategy of the whole distribution networks. In (Wang
et al., 2018b), a decentralized voltage control method based on a
multi-agent system (MAS) with built-in incentives for various
participants in distribution networks is proposed, and peer agents
calculate voltage sensitivities via local and adjacent measurements
in a fully decentralized approach. In (Wang et al., 2018c), a
decentralized optimization control method based on sensitivity
analysis and decentralized power regulation is proposed to
allowing DGs to provide auxiliary services of voltage regulation.
Considering the scale and flexibility of future distribution
networks, decentralized and distributed architectures are feasible
ways to relieve the burden of computation and communication,
and to improve speed of control systems. Furthermore, with the
number of independent system operators (ISOs) increasing in the
future electricity market, decentralized schemes can deal with the
competition among ISOs validly in a peer-to-peer frame. Thus,
decentralized control is the promising way of operation
optimization problems in future hybrid AC/DC distribution
networks.

Most previous studies generally address the coordinated
optimization problems of hybrid AC/DC distribution networks
by considering only a subset among the available control means
(Liu et al., 2012; Liu et al., 2019). In (Kim et al., 2015), shunt
capacitors, OLTCs and DG’s reactive power are dispatched hourly
for reducing network losses and improving voltage quality of
distribution feeders. In (Zhang et al., 2018), a coordinated real-
time voltage regulation method for hybrid AC/DC medium
distribution networks is proposed to make full use of converter-
based controllable devices, such as DGs, energy storage systems, and
the voltage source converters (VSCs). Moreover, flexible
distribution switch (FDS) as a novel power electronic device
with high controllability can accurately regulate the active and
reactive power flow of the connected feeders, making distribution
network gradually transform from passive network to flexible
distribution network. As a flexible and controllable medium,
FDS has a huge impact on the optimization of voltage and
power coordination in distribution networks (Wang et al., 2017;
Zhang et al., 2019). In (Ji et al., 2017), a feeder load optimization
model based onmulti-terminal FDS is established to alleviate feeder
load imbalance and reduce network losses of distribution networks.
Cao et al. (2016) optimizes FDS with network reconfiguration to
achieve optimal operation of the distribution network. However,
few optimizationmethods consider FDS together with other control
means in hybrid AC/DC distribution networks. FDS and VSC can
achieve flexible energy transmission between AC/AC network and
AC/DC network, realizing real-time, fast, sensitive and smooth
power control. Based on their coordination and optimization
methods, they will effectively realize the economic operation of
AC and DC distribution networks and greatly improve distribution
network flexibility and reliability.

In this paper, to target the above research gaps, a decentralized
multi-objective coordinated optimization method in hybrid AC/
DC flexible distribution networks is proposed. The method
optimizes operational cost, voltage deviation and network
losses simultaneously in a decentralized architecture,
considering multiple control means including FDS, VSC, PV,
etc. The major contributions of the paper are as follows: 1) The
salient contribution of the proposed method is that it
comprehensively and properly models the full variety of
possible control means (i.e., PVs, SVG, OLTC, FDS, VSC) in
hybrid AD/DC distribution networks. Various traditional and
modern control means are utilized simultaneously, increasing
asset utilization, economy and flexibility of distribution networks.
2) A decentralized coordinated optimization is proposed to
pursue the safe, economic and flexible operation of hybrid
AC/DC distribution networks. Compared with traditional
centralized optimization, the proposed method releases the
communication and computation burden, and increase the
speed of control systems.

The reminder of this paper is organized as follows: Multi-
Objective Optimization Model for Hybrid AC/DC Flexible
Distribution Networks section presents the multi-objective
optimization model in hybrid AC/DC flexible distribution
networks; A Decentralized Coordinated Optimization Method
Based on ADMM section develops a decentralized operation
method considering the energy transfer between different
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districts; Case studies are presented in Case Studies section, while
Conclusion section concludes this paper.

MULTI-OBJECTIVEOPTIMIZATIONMODEL
FOR HYBRID AC/DC FLEXIBLE
DISTRIBUTION NETWORKS
The operation optimization model proposed in this paper take
into account the safety and economy of the distribution network
operation. By combining network losses, nodal voltage deviation
and regulation cost in the cost form, the multi-objective problem
is transformed into a single-objective problem through a
normalization function. The objective function is described as:

F � min(λ1f1 + λ2f2 + λ3f3) (1)

f1 � ∑
j∈N,∀i:i→ j

(I2ijRij) (2)

f2 � ∑n
i�1

dev(Ui) (3)

dev(Ui) � { ∣∣∣∣U2
i − 1

∣∣∣∣
0

if Vop,max ≤Ui or Ui ≤Vop,min

if Vop,min ≤Ui ≤Vop,max (4)

f3 � ω1 ∑
i∈PV

Pdec,i + ω2 ∑
i∈VSC

PVSC
loss,i + ω3 ∑

i∈FDS

PFDS
loss,i + ω4 ∑

i∈OLTC

∣∣∣∣ti − t0i
∣∣∣∣

(5)

where F is the objective function value;f1,f2 andf3 are objective
functions for network losses, voltage deviation and regulation
cost respectively; λ1, λ2 and λ3 are the weight factors for each
objective function respectively with λ1 + λ2 + λ3 � 1.

Network losses f1: the directional relation between nodes is
depicted as i→ j;Iij and Rij represent the current and resistance
of branch ij respectively; N is the set of all nodes in distribution
networks except of node 1; The hybrid AC/DC distribution
networks should be operated with the lowest possible active
losses in the lines to improve operational efficiency.

Voltage deviation f2:Ui denotes voltage of node i; n is the sum
of all nodes in network; Vop,max and Vop,min are the upper and
lower limits of the voltage optimization range, respectively.

Operational cost f3: Pdec,i is the active curtailment of PV i; PV,
VSC, FDS and OLTC is the set of PV, VSC, FDS and OLTC nodes
respectively. PVSC

loss,i is active power losses of VSC i, and PFDS
loss,i is

active power losses of at node i. t0i and tidenote the tap position of
OLTC i at the previous and current period. The adjustment
interval of the OLTC is adjusted according to the actual operating
requirements and should not be operated frequently in order to
extend the service life of the OLTC. ω1, ω2, ω3 and ω4 are the
operational cost weight coefficients of different control means
respectively. The value of these weight coefficients depends on the
distribution system operator’s preference of control means. For
example, if the renewable energy utilization is an important
evaluation index of the distribution networks, the value of ω1

will be larger than ω2, ω3 and ω4. In this way, the operational cost
of regulation PV active power will be much larger and the PV
curtailment will be avoided to the greatest extent.

Furthermore, the operation optimization model established in
this paper needs to satisfy the constraints of power flow, VSC,
FDS, OLTC, and PV, as well as constraints of secure operation.
The constraints can be described as follows:

Power Flow Constraints
The hybrid AC/DC distribution network adopts the DistFlow
model. AC and DC power flow constraints are formulated as Eqs
6–11 respectively.

⎧⎪⎪⎪⎨⎪⎪⎪⎩
∑

i∈ξ(j)
(Pij − I2ijRij) − Pj � ∑

k∈ζ(j)
Pjk,∀j ∈ NA

∑
i∈ξ(j)

(Qij − I2ijXij) − Qj � ∑
k∈ζ(j)

Qjk,∀j ∈ NA (6)

U2
j � U2

i − 2(PijRij + QijXij) + I2ij(R2
ij +X2

ij),∀ij ∈ LA (7)

I2ij �
P2
ij + Q2

ij

U2
i

(8)

∑
i∈ξ(j)

(Pij − I2ijRij) − Pj � ∑
k∈ζ(j)

Pjk, ∀j ∈ ND (9)

U2
j � U2

i − 2PijRij + I2ijR
2
ij,∀ij ∈ LA (10)

I2ij �
P2
ij

U2
i

(11)

where, ξ(j) and ζ(j) denote the set of first and last nodes of a
branch with node j as the last and first node respectively; Pij, and
Qij represent the active and reactive power of the branch
connecting nodes i and j respectively; Rij, Xij and Iij are the
resistance, reactance and current of the branch; Ui andUj are the
voltage amplitude of nodes i and j; Pj and Qj are the active and
reactive power injected into node j.

VSC Constraints
Considering active losses of VSC, the VSC branch constraints and
capacity constraints are:

PVSC
ac,i − PVSC

loss,i � PVSC
dc,i (12)

PVSC
loss,i � η

∣∣∣∣PVSC
ac,i

∣∣∣∣ (13)⎧⎪⎪⎨⎪⎪⎩
(PVSC

ac,i )2 + (QVSC
ac,i )2 ≤ (SVSCi,max)2

PVSC
i,min ≤P

VSC
ac,i ≤P

VSC
i,max

QVSC
i,min ≤QVSC

ac,i ≤Q
VSC
i,max

(14)

where PVSC
ac,i represents the active power transmitted from the AC

side to the i-th VSC; PVSC
dc,i represents the active power transmitted

from the VSC to the DC side; η is the VSC active loss coefficient,
which is generally 0.03–0.10. PVSC

i,min, P
VSC
i,max, Q

VSC
i,min and QVSC

i,maxare
the lower and upper limits of active power and reactive power of
the VSC respectively; SVSCi,maxis the upper limit of VSC capacity.

FDS Constraints
The power flow of FDS multi-terminal can be controlled flexibly
based on the back-to-back VSC configuration of FDS. The FDS
constraints are:

∑PFDS
i + PFDS

i,loss � 0 (15)
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PFDS
i,loss � afds

���������������(PFDS
i )2 + (QFDS

i )2√
+ bfds (16)⎧⎨⎩ QFDS

i,min ≤Q
FDS
i ≤QFDS

i,max(PFDS
i )2 + (QFDS

i )2 ≤ (SFDS
i,max)2 (17)

where PFDS
i and QFDS

i are respectively the active and reactive
power output from the terminal at node i; afds and bfds are the
internal loss factor and no-load loss constant for terminal i
respectively; QFDS

i,min and QFDS
i,maxare the upper and lower limits of

FDS terminal transmission reactive power, SFDS
i,max is FDS rated

capacity.

OLTC Constraints
The OLTC transformer ratio can be expressed as

{ ri � ri,min + (ti − 1)Δri,
Δri � (ri,max − ri,min)/(∣∣∣∣tapi

∣∣∣∣ − 1) (18)

where ti denotes the tap position of OLTC, tapij is the set of
integer value of the OLTC tap; ri,min and ri,max are the minimum
and maximum values of OLTC ratio.

PV Constraints
The PV should satisfy the power and capacity constraints. In this
paper, the power factor of the PV model in the AC region is
constant. The PV constraints are

{ 0≤PPV
i ≤PPV

i,max

QPV
i � PPV

i tanφ
(19)

where PPV
i and QPV

i are the active and reactive power of PV after
control; PPV

i,maxis the maximum value of PV active power, namely,
the current PV active power before control; φ is the power factor
angle of the PV. If PV is connected in the DG region, the reactive
power of PV is 0.

Secure Operation Constraints

{U2
i,min ≤U

2
i ≤U

2
i,max

I2ij ≤ I
2
ij,max

(20)

where, Ui is the voltage amplitude at node i; Ui,max and Ui,min are
the allowable upper and lower limit of the system node voltage; Iij
is the current flowing between i and j; Iij,max is the allowable
maximum value of the current flowing in the branch.

A DECENTRALIZED COORDINATED
OPTIMIZATION METHOD BASED ON
ADMM
In this paper, the hybrid AC/DC distribution network is divided
into sub-regions. Each region exchanges boundary information
with adjacent regions based on ADMM algorithm and optimizes
its own power flow based on the second-order cone planning
(SOCP). The sub-regions can be further divided according to
the actual operational requirements. Generally, in the hybrid

AC/DC distribution networks, the branch with VSC is a typical
coupling branch. For example, as shown in Figure 1, the
coupling branch l between two regions are copied into two
sub-regions. The constraints of each sub-region need to satisfy
the boundary coupling conditions, as shown in Equations
21, 22.

Pp
A,l � Pl, Pl � Pp

B,l (21)

Up
A,j � Uj, Uj � Up

B,j j � i or i + 1 (22)

where Pl is the active power flowing through the line l; Pp
A,l

and Pp
B,l is the coupling branch actual power of region A and

B; Uj is the voltage amplitude of the node i; Up
A,j and Up

B,j are
nodal voltage value of coupling branch of A and B region,
respectively.

After partition, the global optimization is transformed into
multiple sub-region internal optimization. Based on ADMM,
each region exchanges the boundary information, updates the
global and pairwise variables, adjusts penalty factors according to
the calculated primal residuals and dual residuals. The augmented
Lagrangian method is used to establish the sub-region
optimization model. The coupling equation constraint between
regions is equivalent to the linear coupling equation constraint in
the ADMM algorithm. The augmented Lagrangian function as
shown in Eq. 23.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

FADMM �fA +fB +∑{σ(Pp
A,l −Pl,e)+μ(Up

A,i −Ui,e)+ ρ

2
[(Pp

A,l −Pl,e)2 +(Up
A,i −Ui,e)2]

+σBe (Pp
B,l −Pl,e)+μBe (Up

B,i −Ui,e)+ ρBe
2
[(Pp

B,l −Pl,e)2 +(Up
B,i −Ui,e)2]}

s.t. gA � 0

hA≥0

gB � 0

hB≥0
(23)

where FADMMdenotes the augmented Lagrangian form of the
system objective function; fA and fBare the objective functions
of sub-regions A and B respectively; Pl,e and Ui,e are global
variables that are updated with each iteration; σ and μ are
augmented Lagrangian multipliers which are dual variables; ρis
the penalty factor; e represents the number of iteration. g and
h are the equality constraints and inequality constraints for each
region, respectively. Then, global and dual variables of the
coupling branch are updated locally within each region using
Equations 24, 25, respectively.

FIGURE 1 | Schematic diagram of partitioning method.
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⎧⎨⎩ Pl,e+1 � (Pp
A,l,e+1 + Pp

B,l,e+1)/2
Ui,e+1 � (Up

A,i,e+1 + Up
B,i,e+1)/2 (24)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
σAe+1 � σAe + ρAe (Pp

A,l,e+1 − Pl,e+1)
μAe+1 � μAe + ρAe (Up

A,i,e+1 − Ui,e+1)
σBe+1 � σBe + ρBe (Pp

B,l,e+1 − Pl,e+1)
μBe+1 � μBe + ρBe (Up

B,i,e+1 − Ui,e+1)
(25)

Each region calculates the corresponding primal residuals and
dual residuals based on the boundary data of its own and adjacent
regions, and then transmits the calculation results to adjacent
regions via distributed communication lines to complete the
interconnection of information between regions. The
calculation formula of the primal residuals and the dual
residual is

⎧⎪⎨⎪⎩ rne+1 �
��������������������������������∑(Pp

n,l,e+1 − Pl,e+1)2 + (Up
n,i,e+1 − Ui,e+1)2√

sne+1 �
���������������������������∑(Pl,e+1 − Pl,e)2 + (Ui,e+1 − Ui,e)2√ (26)

where n represents sub-region n.
In ADMM, an inappropriate penalty factor will affect the

algorithm convergence. Therefore, to improve the performance of
ADMM, an automatic adjustment of the penalty factor is used to
make the penalty factor more adaptive to the solution of the
iterative calculation and to reduce the effect of the initial penalty
factor ρ on the results, with varies with the value of the primal
residuals and dual residuals. The adaptive update penalty factor
can be described as

ρne+1 �
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

ρne
1 + τ

, rne+1 ≤ δs
n
e+1

(1 + τ)ρne , sne+1 ≤ δr
n
e+1

ρne , others

(27)

where τ > 0 and δ ∈ (0, 1), which are usually taken as τ � 1, δ � 0.1.
The update iterations are continuously performed between

regions until the maximum value of the primal residual and the
dual residual is less than the convergence accuracy εd. The
judgment condition of ADMM convergence is shown in
Equation 28. ������� rese

�������∞≤ εd (28)

where re � max {rAe , rBe }, se � max {sAe , sBe }.
The optimization problem of hybrid AC/DC distribution

networks is a non-convex problem, which needs to convert
into a convex problem based on second-order cone relaxation.
The auxiliary variable is introduced to replace the squared term in
the original equations, as shown in Equation 29.

{ vi � U2
i

lij � I2ij
(29)

The quadratic term in the objective function is replaced in
order to linearize it. Since an absolute value term is contained in

Equation 3, the auxiliary variable ΔV � |vi − 1| is introduced and
the following constraints are added:

⎧⎪⎨⎪⎩ ΔV≥ 0
ΔV≥ vi − (Vop,max)2
ΔV≥ −vi + (Vop,min)2 (30)

The conical transformation of the power flow constraint
conditions of Equations 5–7 is as follows

⎧⎪⎪⎪⎨⎪⎪⎪⎩
∑

i∈ξ(j)
(Pij − lijRij) − Pj � ∑

k∈ζ(j)
Pjk,∀j ∈ NA

∑
i∈ξ(j)

(Qij − lijXij) − Qj � ∑
k∈ζ(j)

Qjk, ∀j ∈ NA (31)

Vj � Vi − 2(PijRij + QijXij) + lij(R2
ij +X2

ij),∀ij ∈ LA (32)

lij �
P2
ij + Q2

ij

vi
(33)

FIGURE 2 | Flow chart of the ADMM algorithm.
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Using the second-order cone relaxation treatment Eq. 33, we
have �����������

2Pij

2Qij

lij − vi

�����������
2

≤ lij + vi (34)

The corresponding relaxation treatment in the DC region is
the same as above.

For the circle constraints in Equations 14, 17, polygonal
constraints can be used instead, using a description of the
positive octagonal constraint as shown in Equation 35, and
the same for the FDS constraints.

⎧⎪⎪⎪⎨⎪⎪⎪⎩
−SVSCi,max ≤P

VSC
i ≤ SVSCi,max

−SVSCi,max ≤Q
VSC
i ≤ SVSCi,max

− �
2

√
SVSCi,max ≤P

VSC
i + QVSC

i ≤
�
2

√
SVSCi,max

− �
2

√
SVSCi,max ≤P

VSC
i − QVSC

i ≤
�
2

√
SVSCi,max

(35)

Taking the update iteration between regions A and B as an
example, the flow chart of the proposed decentralized
optimization method is shown in Figure 2.

CASE STUDIES

Test System Parameters
Case studies are carried out at a modified dual IEEE 33-bus
hybrid AC/DC distribution network, as shown in Figure 3. The
simulation has 66 nodes, VSC1 with constant voltage control is
installed at Node 9–10, and VSC2 with PQ control is installed at
Node 42–43. There is a three-terminal FDS in our system, with
Terminal 1 at Node 31, Terminal 2 at Node 56 and Terminal 3 at
Node 66. The hybrid AC/DC distribution network is divided into
three regions. The node set of Region A is {1, 2, 3, . . .. . .,9, 19, 20,
21, ......33}, the node set of Region B is {10, 11, ......,18, 34,
35......42}, The node set of Region C is {43, 44, . . .. . .,66}. The
AC reference voltage is 12.66 kV and DC reference voltage is
±10 kV. Node 1 and Node 51 are the slack nodes of region A and
region C respectively. OLTC is installed on between Node1 and
Node 2, with tap 1 ± 2*1.5%. The safe range of node voltage is
[0.95–1.05] p.u., and the optimal voltage range is [0.985–1.015]
p.u.. When the nodal voltage exceeds the safe range, the control

system starts. The parameters of VSC and FDS, and SVG are
shown in Table 1. In the ADMM, the initial values of σ0 and μ0
are set to 0, and the penalty factor ρ0 and the convergence
accuracy ε0 are respectively 0.2 and 10–3. The weight
coefficientsλ1, λ2andλ3of objective function are 0.63, 0.25 and
0.12 respectively. There are two types PV, PV1 and PV2 in our
system. The power factor cosφ of PV1 and PV2 is taken as 0.85.
All the loads are fixed except the load at Node 25 and 66. The
power profiles of PV1, PV2, biomass energy (BE) and loads are
shown in Figure 4.

Simulation Analysis
A 24 h simulation has been carried out here. Figure 5 shows the
voltage profiles of five representational Nodes (Node 29, 31, 43,
62 and 66) without control. It shows that the voltage excursions
occur during 10:00–14:00 and 18:00–4:00 respectively. In order to
verify the performance of the proposed decentralized
optimization method in our paper, simulations are carried out
in five different cases at t � 12:00 and t � 20:00, when the voltage
exceeds the upper and lower limit respectively. The five cases are
set as follows:

Case 1: No control measures have been taken;
Case 2: Control means include VSCs and PV curtailment.
Case 3: Control means include VSCs, PV curtailment and FDS.
Case 4: Control means include VSCs, PV curtailment, FDS
and OLTC.
Case 5: Based on Case 3, change the parameters of VSC1 into
the active power limits ±2.5 MW, the reactive power limits
±1.5 Mvar and the capacity 2.5 MVA.

Taking t � 12:00 as an example to analyze voltage profiles
exceeding the upper limits, the voltage profiles of the above five
cases at t � 12:00 are shown in Figure 6. It can be seen that all the
cases can solve the voltage excursions effectively. VSC capacity
and FDS can affect the optimization performance. As shown in
Figure 6, Compared the results of Case 3 and Case 5, it can be
found that the nodal voltage of AC nodes are almost the same but
the nodal voltage of major DC nodes (Node 34-Node 42) in Case
5 is higher than that in Case 3. This is because Case 5 with high-
capacity VSC1 increases the active power transmitted between
Region A and Region B, reduces the PV curtailment in Region B

FIGURE 3 | Topology of the modified dual IEEE 33-node system.
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and then raises the voltage profile in Region B. Furthermore, the
PV curtailment in Case 2–5 is 1.85, 1.41, 0.02, and 0.97 MW
respectively. Compared with Case 2 and Case 3, the PV
curtailment in Region A without FDS is 1.47 MW, and PV
curtailment with FDS is reduced by 0.44 MW. It shows that
FDS can transfer energy between sub-regions flexibly and
increase energy efficiency in hybrid AC/DC flexible
distribution networks.

Taking t � 20:00 as an example to analyze voltage profiles
exceeding the lower limits, the voltage profiles of the different
cases are shown in Figure 7. As shown in Figure 7, there are still
some nodes (Node 61–Node 66) with voltage excursions in Case
2, because both the slack node in Region C and the VSC with

Constant voltage control are far from these nodes. The voltage
profiles in Region B and Region C restrict more active power
transfer into these nodes.

The 24-h simulation is carried out for Case 4 and OLTC tap
position is obtained as shown in Figure 8. It can be found that
OLTC adjusts the tap position upward during 10:00–14:00, and
adjusts the tap position downward during 20:00–24:00. OLTC
can regulate the voltage profile of the whole Region A. Comparing
with Case 3 and Case 4 at 12:00, it can be seen that Case 3 cuts
PVs to ensure voltage profile in a reasonable range. However, the
OLTC in Case 4 adjusts the voltage profile to a lower lever so that
the PV curtailment is reduced, avoiding the waste of renewable
resources. Similarly, comparing with Case 3 and Case 4 at 20:00,
OLTC lifts the voltage profile to decrease active power losses and
further reduce the operational cost.

TABLE 1 | The parameters of VSC, FDS and SVG.

Type Loss factor Pmax (MW) Pmin(MW) Qmax (Mvar) Qmin (Mvar) Smax (MVA)

VSC1 0.04 1.5 −1.5 1 −1 1.5
VSC2 0.04 1.5 −1.5 1 −1 1.5
FDS 0.02 1.5 −1.5 1 −1 1.5
SVG1 — — — 0.5 −0.2 —

SVG2 — — — 0.6 −0.2 —

FIGURE 4 | Profiles of PV1, PV2, BE and loads.

FIGURE 5 | Daily voltage profile of typical nodes.

FIGURE 6 | Voltage profiles in different cases at 12:00.

FIGURE 7 | Voltage profiles in different cases at 20:00.
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To further prove FDS’s influence of optimization performance,
Figure 9 shows the voltage optimization of Node 31 and Node 66
in Case 2 and Case 3. It can be concluded that voltage of Node 31 is
optimized within the voltage optimization range [0.985–1.015] by
FDS. Moreover, the FDS improves the voltage profile at Node 66
obviously, especially controlling voltage from 0.9336 p.u. to 0.9964
p.u at 20:00. In order to explore the real-time regulation role of the
FDS and to analyze the mechanism of its role in coordinating
power flow, the active and reactive power output of the FDS inCase
3 is shown in Figure 10. The positive value of the active output
means that FDS sends out active power. On the contrary, the active
power is absorbed. The same applies to the reactive power. During
the night, in order to maintain voltage stability, FDS Terminal 1
and 3 need to inject an amount of active power into the grid, and
Terminal 2 absorbs active power. During the period of 9:00–16:00,
Terminal 1 and 3 start to absorb active power to reduce PV
curtailment. The FDS reactive power output depends on the
system voltage and power demand. The FDS can produce or
absorb reactive power, which is equivalent to a reactive power
compensation device.With FDS, the total power output of the SVG
in the grid all day is reduced by 42.7% compared to the original. In
this way, control system may reduce the installment number of
SVG to save the investment.

Comparison of Centralized and
Decentralized Methods
To compare the optimization results in our proposed
decentralized method and traditional centralized methods,
voltage profiles in Case 2 at 11:00 of different methods are
shown in Figure 11. It is obvious that the voltage profiles of
the decentralized and centralized methods are almost the same.
The maximum error appears at Node 29, where the centralized
result is 1.0181 p.u. and decentralized result is 1.0169 p.u., with
the error 0.12%, verifying the accuracy of the proposed method in

FIGURE 8 | Tap positions of OLTC.

FIGURE 9 | Voltage profiles at Node 31 and Node 66 in Case 2 and
Case 3.

FIGURE 10 | Daily power profiles of FDS. (A) Active power (B)
Reactive power.

FIGURE 11 | Voltage profiles of centralized and decentralized methods..
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this paper. Furthermore, as shown in Table 2, the network losses,
voltage deviation and PV curtailment of different sub-regions are
listed. The error of these three parts in the hybrid AC/DC
distribution networks are1.7, 3.7 and 0.6%, respectively.
Therefore, the small errors demonstrate the effectiveness of
the proposed decentralized method.

Compared with the centralized method, the decentralized
method reduces the communication and calculation burden.
For the modified dual IEEE 33-node distribution network in
our paper, with topology and line parameters known, the
centralized method needs to collect all the measurement data
of the whole distribution network. The required data includes 187
parameters totally. In contrast, the decentralized control in this
paper divides the hybrid AC/DC distribution network into three
regions with its own control system. The three control systems
measure data independently, with 72 parameters of Region A, 36
parameters of Region B and 72 parameters of Region C,
respectively. Moreover, the adjacent regions exchange 4
parameters of the contact line with each other. In addition,
the centralized method needs to solve an optimization
problem with 34 optimization variables. In the proposed
decentralized method, the number of optimization variables in
Region C which has the most controllable resources, is 17.
Moreover, the three control systems solve its own
optimization problem in parallel. Accordingly, the proposed
decentralized method reduces the communication and
calculation burden obviously.

CONCLUSION

In this paper, a decentralized multi-objective coordinated
optimization method in hybrid AC/DC flexible distribution
networks is proposed. To optimize operational cost, voltage
deviation and network losses simultaneously, a multi-objective
coordinated optimization model is proposed by considering
different control means. The performance and efficiency of the
proposed model is illustrated using numerous cases, which shows
that:

1) The proposed multi-objective coordinated optimization
comprehensively and properly models the full variety of
possible control means, including PV, FDS, VSC, SVG,
and OLTC. Traditional and modern electronic means
with different characteristics are considered

simultaneously by optimizing operational cost of the
whole hybrid AC/DC distribution networks. The
coordination of different control resources can increase
the asset utilization and decreases the investment of
hybrid AC/DC distribution networks;

2) Flexible interconnection devices like VSC and FDS are utilized
in the proposed method, which can transfer energy between
different regions flexibly. With VSCs and FDS, the PV
curtailment is decreased by 23.8%. The reactive power
regulation ability of flexible interconnection devices reduces
the demand of SVG by 42.7%, decreasing the SVG investment.
Therefore, flexible interconnection devices can increase the
efficiency and flexibility of hybrid AC/DC distribution
networks;

3) A decentralized optimization based on ADMM is applied to
divide the distribution network into several sub-regions, and
each sub-region optimizes itself by exchanging information
with adjacent sub-regions. The decentralized method obtains
almost the same strategies with the traditional centralized
method, but only requires 39% of communication and
calculation amount in the centralized method.
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TABLE 2 | Comparison of results with different control methods.

Region The network loss (MW) Voltage deviation PV active power curtailment (MW)

Centralized Decentralized Centralized Decentralized Centralized Decentralized

A 0.1182 0.1138 0.0366 0.0294 1.4870 1.4716
B 0.0123 0.0132 9.24 × 10–6 2.63 × 10–6 0.3913 0.3877
C 0.1650 0.1634 0.1649 0.1645 0.0077 0.0155
Total 0.2955 0.2904 0.2015 0.1939 1.8860 1.8748
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