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Abstract 

With the rapid development of flexible interconnection technology in active distribution networks (ADNs), many 
power electronic devices have been employed to improve system operational performance. As a novel fully-con-
trolled power electronic device, energy storage integrated soft open point (ESOP) is gradually replacing traditional 
switches. This can significantly enhance the controllability of ADNs. To facilitate the utilization of ESOP, device loca-
tions and capacities should be configured optimally. Thus, this paper proposes a multi-stage expansion planning 
method of ESOP with the consideration of tie-line reconstruction. First, based on multi-terminal modular design 
characteristics, the ESOP planning model is established. A multi-stage planning framework of ESOP is then presented, 
in which the evolutionary relationship among different planning schemes is analyzed. Based on this framework, a 
multi-stage planning method of ESOP with consideration of tie-line reconstruction is subsequently proposed. Finally, 
case studies are conducted on a modified practical distribution network, and the cost–benefit analysis of device and 
multiple impact factors are given to prove the effectiveness of the proposed method.
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1 Introduction
With the extensive integration of distributed generators 
(DGs), the operating conditions and challenges of active 
distribution networks (ADNs) are becoming increasingly 
complex [1]. This makes higher demands on system con-
trollability [2]. To satisfy the flexible operating require-
ments of ADNs, novel power electronic devices of energy 
storage (ES) integrated soft open points (ESOP) are 
employed [3]. As a novel power exchange device based on 
the fully-controlled power electronic devices [4], ESOP 
can replace traditional tie-line devices and realize accu-
rate feeder power flow control. With the extra equipped 

energy storage, ESOP can provide high-quality flexibility 
for the operation of distribution systems [5].

SOP integrated with energy storage is promising for 
improving the operational benefits of distribution net-
works. It has three main advantages. First, the topology 
based on back-to-back voltage source converters pro-
vides a possibility for combining the SOP and energy 
storage, as the energy storage battery can be installed 
at the DC link via a DC-DC converter with a relatively 
lower investment cost. Second, by controlling the charg-
ing and discharging of the energy storage, ESOP further 
realizes continuous power flow regulation from the spa-
tial–temporal aspects. In addition, the compatible form 
of ESOP is highly modularized and is suitable for various 
applications.

Based on the highly modular converter structure, the 
configuration of ESOP is diversified [6], and the number 
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of terminals and capacities of each converter can be 
flexibly designed. Because of the multi-stage expansion 
requirement of ESOP [7], the integrating location and 
configured capacities should be considered. Through 
appropriate device configuration, the flexible power flow 
regulation ability of ESOP can be fully utilized [8].

SOP-based techniques can play significant roles in 
distribution networks with high penetration of DGs. 
Reference [9] proposes a novel optimization method to 
coordinate SOPs and electric vehicles to effectively pro-
mote the maximum hosting capacity of photovoltaic 
generation in distribution networks. In [10], an efficient 
conservation voltage reduction (CVR) methodology is 
proposed based on the coordination of inverter-based 
DGs and SOPs. Because the location and sizing of SOP 
have critical impacts on control, in recent years many 
studies focus on the planning issues of SOP-based 
devices [11].

To improve the economic benefits of SOPs, reference 
[12] proposes a two-stage robust model and derives the 
optimal SOP allocation schemes. In terms of distribution 
networks with high DG penetration, reference [13] pro-
poses an SOP planning method to reduce the operational 
cost of ADNs. In fault situations, SOP-based flexible dis-
tribution devices can provide voltage support to ensure 
an uninterrupted power supply [14], while by further 
considering the reliability of ADNs, a planning method 
for SOP is proposed in [15] to realize quick supply res-
toration after natural disasters. In [16], a planning model 
of SOP is established to maximize the resilience of distri-
bution networks. In addition, the optimal scheme of SOP 
can also be coordinated with multiple devices [17], while 
through optimizing the allocation of SOPs and DGs, ref-
erence [18] formulates a coordinated planning model 
to improve the economy, flexibility and controllability 
of ADNs. In [19], a method is proposed to optimize the 
locations and sizing of DGs, capacitor banks and SOPs.

As an important flexibility resource, energy storage 
can be integrated with SOPs to provide a fully-renewable 
power supply [20]. Compared with the design of original 
SOPs, ESOPs offer a promising new solution to balance 
the system power temporally and spatially. Apart from 
power transfer, ESOPs are capable of regulating feeder 
power over a time scale. Through charging/discharging of 
energy storage in ESOP, the temporal and spatial dispatch 
for renewable energy can be realized. Considering the 
device coordination of ESOP, reference [21] proposes an 
ES planning model and obtains a better economic con-
struction scheme, whereas based on the direct current 
(DC) links of SOPs, a robust scheduling model of ESOP 
is established to promote energy savings [4].

The above studies mainly focus on the ESOP with a 
predefined infrastructure. In practical construction, the 

configuration of ESOP is more complicated. The num-
ber of terminals, integrating location and configured 
capacity of each converter should be considered com-
prehensively. However, the existing studies only refer to 
the limited device configuration schemes, so is difficult 
to satisfy the flexible operational demands of intercon-
nected ADNs.

To support the rapid growth of system load and 
renewable energy [22], many studies have looked at the 
long-term expansion planning problems of ADNs [23]. 
By restructuring the substations, capacitor banks and 
voltage regulators, a multi-stage planning method is 
proposed in [24] to reduce the long-term investment 
cost. To alleviate the voltage deviation caused by DGs, 
reference [25] formulates a multi-period planning 
problem for hybrid AC/DC networks, and while con-
sidering DG uncertainties, the various impact factors 
on network expansion and evolution approach are ana-
lyzed [26].

However, traditional planning faces some drawbacks. 
The physical network is still radial and the adjustment 
ability of conventional approaches is limited. To sat-
isfy the regulation requirements, such as predefined 
DG penetration and secure voltage constraints, the 
resources in different feeders should be controlled 
cooperatively. With the allocation of ESOP, a flex-
ible and interconnected architecture of the distribu-
tion network is established. The configuration of ESOP 
is also such that it can evolve in different stages to 
achieve maximum economic benefit. Not only can the 
equipped capacities of energy storage be expanded in 
and increasing fashion [27], but the terminal number of 
ESOP can also be configured flexibly. With the system 
operating demands varying over a long time-span, the 
evolutionary relationship among different ESOP plan-
ning schemes should be further considered. For exam-
ple, for a two-terminal SOP, a multi-terminal ESOP can 
be constructed by further integrating converters and 
energy storages.

Thus, existing studies on ESOP planning generally refer 
to device allocation in terms of the present system opera-
tional status. However, the optimal location and sizing of 
ESOP in multiple stages are critical to ensure the flexible 
and economic operation of ADNs. The long-term capac-
ity expansion and scheduled scheme revolution of ESOP 
can be further considered. In addition, SOP-based flex-
ible distribution devices are installed to replace conven-
tional tie-lines, although how to reduce the investment 
cost of ESOP with tie-line reconstruction remains to be 
investigated.

To address the flexible configuration problem of ESOP, 
this paper proposes a multi-stage expansion planning 
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method considering tie-line reconstruction. The main 
contributions are summarized as follows:

(1) The multi-stage planning framework of ESOP is 
formulated, in which the evolutionary process of 
different planning schemes is elaborated. Based on 
the multi-terminal modular expansion of ESOP, 
the flexible distribution devices can be fully used to 
adapt to the annual growth of DGs and loads.

(2) An expansion planning model of ESOP is proposed 
taking into consideration tie-line reconstruction. 
Through unified planning and multi-stage con-
struction of ESOP, the device investment cost is sig-
nificantly reduced.

The organization of the rest of the paper is as follows: 
Sect.  2 establishes the model of a distribution network 
with ESOP, while Sect. 3 presents the multi-stage expan-
sion method of ESOP. In Sect. 4, the effectiveness of the 
proposed method is verified, and finally Sect. 5 concludes 
the paper.

2  Operational modelling of ADN with ESOP
Based on fully-controlled power electronic devices, 
ESOP can regulate the power flow accurately. With inte-
grated energy storage in DC links, the energy and power 
injected by DGs can also be effectively transferred from 
the time point of view. Through regulating ESOP, net-
work loss and voltage deviation can be reduced to sup-
port the flexible operation of ADNs with high DG 
penetration.

2.1  Principle and modelling of ESOP
The main components of ESOP are voltage source 
AC-DC and DC-DC converters and storage batteries, as 
shown in Fig.  1. Derived from SOP, ESOP is equipped 
with energy storage in DC links [28] and realizes the flex-
ible charging/discharging of active power [29].

2.1.1  Multi‑terminal converters of ESOP
To meet the diverse operational demands of ADNs, there 
is a variety of device configurations of ESOP. Compared 
with the two-terminal SOPs, the number of terminals 

of ESOP is not predefined in this paper. With DC links 
among multiple converters [30], different distribution 
networks can be interconnected and the device invest-
ment cost is more economical. The power transfer con-
straints of a multi-terminal ESOP are given as:

where PAC
r,ω,t,k ,i and QAC

r,ω,t,k ,i denote the active and reac-
tive power injected by ESOP at node i in scheme k and 
scenario ω at time t during stage r , respectively. PAC,L

r,ω,t,k ,i 
denotes the active power loss of ESOP at node i in 
scheme k and scenario ω at time t during stage r , while 
PES
r,ω,t,k denotes the active power injected by ES of ESOP 

in scheme k and scenario ω at time t during stage r . SACr,k ,i 
denotes the capacity of the AC-DC converter at node i in 
scheme k during stage r.

Among the constraints above, constraint (1.a) rep-
resents the relationship of active power transferred by 
ESOP converters, constraint (1.b) represents the power 
loss of each converter, and constraint (1.c) denotes the 
capacity limit of each converter.

2.1.2  Energy storage part of ESOP
Because of the volatility of DG outputs, it is difficult to 
directly use the generated renewable energy [31]. To 
enhance the operational complementary capability of 
ADNs, energy storage can be integrated to provide an 
efficient power supply for loads [32]. By fast charging/dis-
charging of ES in ESOP, the load demand and renewable 
energy can be matched in time [33].

Active power injected by each AC-DC converter gath-
ers in DC links and flows into energy storage. The related 
constraints are:

(1.a)
i∈�k

PAC
r,ω,t,k ,i − PAC,L

r,ω,t,k ,i = PES
r,ω,t,k

(1.b)PAC,L

r,ω,t,k ,i = Aac

√

(

PAC
r,ω,t,k ,i

)2

+

(

QAC
r,ω,t,k ,i

)2

(1.c)
√

(

PAC
r,ω,t,k ,i

)2

+

(

QAC
r,ω,t,k ,i

)2

≤ SACr,k ,i

(2.a)EES
r,ω,t+1,k − EES

r,ω,t,k =

(

PES
r,ω,t,k − PES,L

r,ω,t,k

)

�t

(2.b)PES,L

r,ω,t,k = Adc

∣

∣

∣
PES
r,ω,t,k

∣

∣

∣

(2.c)−SDCr,k ≤ PES
r,ω,t,k ≤ SDCr,k

(2.d)SOC
ES
minS

BA
r,k ≤ EES

r,ω,t,k ≤ SOC
ES
maxS

BA
r,k

Fig. 1 Structure of ESOP with multi-terminal converters
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where EES
r,ω,t,k and PES,L

r,ω,t,k denote energy stored by ES of 
ESOP and the power loss of ES in scheme k and sce-
nario ω at time t during stage r , respectively. SDCr,k  and SBAr,k  
denote the respective capacities of DC-DC converter and 
storage battery in scheme k during stage r.

Constraint (2.a) represents the relationship between the 
injected power and stored energy in ES, while constraint 
(2.b) represents the power loss of DC-DC converters. Con-
straints (2.c) and (2.d) represent the limit of injected power 
and stored energy of ES, respectively. Constraint (2.e) is 
added to ensure the consistency of stored energy status in 
ES.

2.2  Operational modelling of ADN with ESOP
With the integration of ESOP, the operating status of ADNs 
can be significantly improved. AC-DC converters have the 
capability of accurate power flow control, which can effi-
ciently reduce network loss and voltage deviation. Various 
DC-powered devices can be integrated into the DC links 
of ESOP. This facilitates the coordination of AC/DC hybrid 
distribution networks.

2.2.1  Power flow model of distributed networks
BY adopting the DistFlow model, the power flow con-
straints of ESOP-based distribution networks are shown as 
follows:

where Pr,ω,t,ij and Qr,ω,t,ij denote the respective active and 
reactive power flow of line ij in scenario ω at time t dur-
ing stage r . Pr,ω,t,i and Qr,ω,t,i denote the total active and 
reactive power injection at node i in scenario ω at time 
t during stage r , respectively. lr,ω,t,ij and vr,ω,t,j denote 
the respective squared voltage magnitude of node i and 

(2.e)EES
r,ω,tN ,k = EES

r,ω,t0,k

(3.a)

∑

ij∈ℓall

(

Pr,ω,t,ij − rijlr,ω,t,ij
)

+ Pr,ω,t,j =
∑

jg∈ℓall

Pr,ω,t,jg

(3.b)

∑

ij∈ℓall

(

Qr,ω,t,ij − xijlr,ω,t,ij
)

+ Qr,ω,t,j =
∑

jg∈ℓall

Qr,ω,t,jg

(3.c)
vr,ω,t,i − vr,ω,t,j +

(

r2ij + x2ij

)

lr,ω,t,ij − 2
(

rijPr,ω,t,ij + xijQr,ω,t,ij

)

= 0

(3.d)P2
r,ω,t,ij + Q2

r,ω,t,ij = vr,ω,t,ilr,ω,t,ij

(3.e)Pr,ω,t,i = PDG
r,ω,t,i +

∑

k∈L
PAC
r,ω,t,k ,i − PLD

r,ω,t,i

(3.f )Qr,ω,t,i = QDG
r,ω,t,i +

∑

k∈L
QAC
r,ω,t,k ,i − QLD

r,ω,t,i

current magnitude of branch ij in scenario ω at time t 
during stage r.

The secure limits of nodal voltage and line current are 
shown as constraints (4.a) and (4.b), as:

where Umin
i  and Umax

i  denote the lower and upper lim-
its of voltage at node i , while Imax

ij  denotes the maximum 
loading current of line ij.

2.2.2  Operational model of DGs
Taking photovoltaic and wind turbines as examples [34], 
the operational model of DG can be described as:

where PDG
r,ω,t,i and QDG

r,ω,t,i are the respective active and 
reactive power injected by DG at node i in scenario ω at 
time t during stage r . PDG

r,t,i is the maximum power output 
of DG at node i at time t during stage r , SDGi  is the capac-
ity of DG i , and µmin

i  is the power factor of DG i.

3  Mathematical formulation of multi‑stage 
expansion planning for ESOP

Given the multi-terminal modular characteristics of 
ESOP, the practical design should allow for the principle 
of unified planning and multi-stage construction. Apart 
from the demand for expanding networks, the terminal 
number and integrating location of ESOP should be fur-
ther considered. By reasonably arranging the detailed 
ESOP construction scheme, flexible distribution devices 
can be economically used.

3.1  Framework of the multi‑stage planning of ESOP
In the initial stage, it is essential to formulate the ESOP 
construction schemes with available integrating nodes. 
The scheme information includes the number of termi-
nals of ESOP and the integrating location of converters. 
During the multi-stage construction, the number of ter-
minals can be increased. For example, a two-terminal 

(4.a)
(

Umin
i

)2
≤ vr,ω,t,i ≤

(

Umax
i

)2

(4.b)lr,t,ij ≤
(

Imax
ij

)2

(5.a)0 ≤ PDG
r,ω,t,i ≤ P

DG

r,t,i

(5.b)
∣

∣

∣
QDG
r,ω,t,i

∣

∣

∣
≤

PDG
r,t,i

√

1−
(

µmin
i

)2

µmin
i

(5.c)
√

(PDG
r,ω,t,i)

2
+ (QDG

r,ω,t,i)
2 ≤ SDGi
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ESOP can evolve into three terminals or more. Energy 
storage can be integrated into the DC links of ESOP at 
any stage. The relationship between the different ESOP 
planning schemes is described in Fig. 2.

There are four nodes that are available to access con-
verters in Fig.  2, namely #1, #2, #3, and #4. Therefore, 
six planning schemes of ESOP with two terminals are 
constructed. Then, three-terminal and four-terminal 
topologies of ESOP evolve based on the previous struc-
tures. Taking Scheme I for instance, the total evolved 
ESOP planning schemes can be presented as (I) = {I, VII, 
VIII, XI}. The subset of the two-terminal ESOP plan-
ning scheme only includes itself, which is described as (I, 
2) = {I}. The subset of the three-terminal ESOP planning 
schemes is described as (I, 3) = {VII, VIII}, in which the 
schemes contain both nodes #1 and #4. The subset of the 
four-terminal ESOP planning schemes is described as (I, 
4) = {XI}.

In (6.a)–(6.d), Mτ denotes the maximum ESOP termi-
nal number. L(k) and L(k , τ ) are the sets of ESOP and τ
-terminal ESOP planning schemes evolved from scheme 
k , respectively. Function size(�k) denotes the nodes 
number of scheme k.

During practical construction, the multi-stage planning 
schemes should allow the following constraints:

(6.a)L =
⋃Nk

k=1
L(k) =

⋃Nk

k=1

⋃Mτ

τ=2
L(k , τ)

(6.b)L(k , 2) =
{

k|size(�k) = 2
}

(6.c)
L(k , 3) =

{

h|size(�h) = 3,�h ⊇ �k , k ∈ L(k , 2)
}

(6.d)
L(k , 4) =

{

p|size
(

�p

)

= 4,�p ⊇ �h, h ∈ L(k , 3)
}

(7.a)
∑

h∈L(k)
αr,h ≤ 1, ∀k ∈ L

where η is the damping coefficient of storage battery 
capacity, and αr,h is a binary variable, which denotes 
the selection of scheme h during stage r , and scheme 
h ∈ L(k) is evolved from scheme k . Constraint (7.a) 
ensures the uniqueness of scheme selection, and avoids 
multiple ESOPs connecting to one node, while con-
straints (7.b) to (7.d) represent the expansive relation-
ship of scheduled device capacities at different stages. In 
detail, the capacities of the AC-DC and DC-DC convert-
ers and storage battery during stage r , are required to be 
no less than the corresponding capacities during the for-
mer stage r − 1.

3.2  Expansion planning model of ESOP with tie‑line 
reconstruction

Based on the ESOP expansion framework, a multi-stage 
expansion planning model of ESOP can be established 
taking into consideration tie-line reconstruction. Through 
constructing ESOP over a long perios of time, the device 
investment cost is expected to be reduced.

3.2.1  Objective function
The objective function of the ESOP expansion model is 
given as:

where Tr denotes the period of planning stage r . f dr  , f sr  , 
f mr  , f br  and f lr  denote the annual costs of ESOP device 
investment, land expropriation, ESOP device maintain-
ing, tie-line reconstruction and power loss, respectively.

In practical construction, the device investment cost 
of ESOP has a relationship with the expansion capacities 
in each planning stage. Considering the price fluctua-
tion, the annual device investment cost of ESOP can be 
described as:

(7.b)SACr−1,k ≤
∑

h∈L(k)
SACr,h

(7.c)SDCr−1,k ≤
∑

h∈L(k)
SDCr,h

(7.d)ηSBAr−1,k ≤
∑

h∈L(k)
SBAr,h

(8.a)minf =
∑Nr

r=1
Tr fr

(8.b)fr = f dr + f sr + f mr + f br + f lr

(9.a)f dr =
∑r

r
′
=1

(

f d,ESOP

r
′ − f d,ESOP

r
′
−1

+�f BA
r
′

)

(9.b)

f d,ESOP

r
′ =

d(1+ d)y

(1+ d)y − 1

∑

k∈L

(

c
AC

r
′ SAC

r
′
,k
+ c

DC

r
′ SDC

r
′
,k
+ c

BA

r
′ SBA

r
′
,k

)

Fig. 2 Planning framework of ESOP in multiple stages
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where cAC
r
′  , cDC

r
′  and cBA

r
′  denote the device capacity invest-

ment prices per unit of AC-DC converter, DC-DC con-
verter and storage battery, respectively. Parameters of the 
discount rate d and device lifetime y are introduced to 
take the future value variations of investment cost into 
consideration. �f BA

r
′  denotes the investment cost caused 

by the capacity reduction of the storage battery.
The annual costs of land expropriation, ESOP mainte-

nance and tie-line reconstruction are:

where αr′ ,k is a binary variable which denotes the selec-
tion of scheme k during stage r ′ . When αr′ ,k equals 1, the 
construction plan is determined as scheme k . csite

r
′  , cmr  and 

cL
r
′ denote the land expropriation price, maintaining price 

and line construction price, respectively. ξ is the terrain 
correction coefficient, and Lnk is the line length to be con-
structed in scheme k.

The power loss of ADNs includes network loss and 
device loss, which can be described as:

where cPr,t is the time-of-use (ToU) electricity price at 
time t during stage r , and pω is the probability of scenario 
ω.

3.2.2  Planning constraints of ESOP
The ESOP planning constraints consist of the capacity 
limits on AC-DC and DC-DC converters and storage bat-
teries, as:

(9.c)�f BA
r
′ = c

BA

r
′

d(1+ d)y

(1+ d)y − 1
(1− η)SBA

r
′
−1,k

(10.a)

f sr =
d(1+ d)y

(1+ d)y − 1

∑r

r
′
=1

∑

k∈L
c
site

r
′

(

αr′ ,k − αr′−1,k

)

(10.b)f mr =
∑

k∈L
c
m
r

(

SACr,k + SDCr,k + SBAr,k

)

(10.c)f br =
d(1+ d)y

(1+ d)y − 1

∑r

r
′
=1

∑

k∈L
c
L

r
′ ξαr′ ,kL

n
k

(11.a)
f lr = 365

∑Nω

ω=1

∑Nt

t=1
c
P
r,tpω

(

PLine
r,ω,t + PDev

r,ω,t

)

�t

(11.b)PLine
r,ω,t =

∑

ij∈�all

rijlr,ω,t,ij

(11.c)PDev
r,ω,t =

∑

k∈L

(

∑

i∈�k

PAC,L

r,ω,t,k ,i + PES,L

r,ω,t,k

)

(12.a)SACr,k =
∑

i∈�k

SACr,k ,i

Constraint (12.a) represents the total capacities of all 
AC-DC converters, while constraints (12.b) and (12.c) 
represent the capacity limits of each ESOP component. 
Variable αr,k refers to whether the AC-DC converters of 
ESOP are equipped or not. With the binary variable αr,k , 
the operating constraints of ESOP can be transformed as:

When αr,k equals 1, it is essential to equip with AC-DC 
converters, and (13) is identical to (1.a). When αr,k equals 
0, AC-DC converters are not equipped, making the rela-
tionship of active power transformation ineffective. The 
construction of DC-DC converters and storage batteries 
is implemented according to the practical demands of 
ADNs.

In addition, the scheme evolution constraints of ESOP 
should be considered. The detailed constraints are given in 
constraints (6) and (7).

3.2.3  Constraints of renewable energy penetration
With the growth of installed DGs, the penetration of 
renewable energy generation continues to increase. How-
ever, the DG outputs come with serious uncertainty and 
intermittence, which may lead to electricity curtailment. 
To effectively enhance the DG penetration, it is necessary 
to determine the DG location and set a proper target for 
renewable energy generation in advance. Thus, the follow-
ing constraint is added:

where γr denotes the pre-set index of DG penetration 
during stage r.

3.2.4  Constraints of active distribution networks
The constraints of distribution networks include the power 
flow constraints and the secure operation constraints, 
which are given as constraints (3) and (4).

3.3  Modelling conversion and solution methodology
Because of the non-convexity and nonlinearity of the ESOP 
planning model, the problem posed above is difficult to solve. 
By adopting the method of convex relaxation, the related con-
straints (1.b), (1.c) and (3.d) can be transformed as:

(12.b)αr,kε ≤ SACr,k ≤ αr,kM

(12.c)0 ≤ SDCr,k ≤ αr,kM, 0 ≤ SBAr,k ≤ αr,kM

(13)

αr,k

[

∑

i∈�k

(

PAC
r,ω,t,k ,i − PAC,L

r,ω,t,k ,i

)

− PES
r,ω,t,k

]

= 0

(14)
∑Nt

t=1

∑

i∈�all

(PDG
r,ω,t,i − γrP

LD
r,ω,t,i) ≥ 0



Page 7 of 15Li et al. Protection and Control of Modern Power Systems            (2022) 7:45  

As for the absolute constraint (2b), the following con-
straints are added:

The nonlinear constraint (13) can be converted to con-
straints (17.a) and (17.b), as:

In summary, the ESOP planning model can be con-
verted to the following mixed-integer second-order cone 
programming (MISOCP) model [35]:

4  Case studies and analysis
To verify the effectiveness of the proposed method, case 
studies are conducted by a CPLEX 12.8 solver interfaced 
with a YALMIP toolbox. The optimization test environ-
ment is a PC with an Intel (R) Core (TM) i7-12,700 CPU 
@ 2.10 GHz and 16 GB RAM.

4.1  Modified practical distribution networks
Case studies are conducted based on the modified practi-
cal network in Taiwan [36]. The network contains three 
11.4  kV feeders and two existing tie-lines, as shown in 
Fig. 3. There are eight nodes available to access convert-
ers, and these are marked as red points in Fig. 3. Before 
the initial planning, the total system loads are 7.54 MW 
and 5.23 Mvar, respectively. The installed PV capacities 
are 4.8 MWp. By adopting the k-means method, the local 
historical data of DGs and loads are clustered into 3 typi-
cal scenarios. The operation curves of the initial stage are 
shown in Fig. 4.

The device expansion is implemented in four stages 
and each stage lasts for five years. During the four 

(15.a)

∥

∥

∥

∥

∥

PAC
r,ω,t,k ,i

QAC
r,ω,t,k ,i

∥

∥

∥

∥

∥

≤ SACr,k ,i,

∥

∥

∥

∥

∥

PAC
r,ω,t,k ,i

QAC
r,ω,t,k ,i

∥

∥

∥

∥

∥

≤ AacP
AC,L

r,t,i

(15.b)

∥

∥

∥

∥

∥

∥

2Pr,ω,t,ij
2Qr,ω,t,ij

lr,ω,t,ij − vr,ω,t,i

∥

∥

∥

∥

∥

∥

≤ lr,ω,t,ij + vr,ω,t,i

(16)PES,L

r,ω,t,k ≥ AdcP
ES
r,ω,t,k ,P

ES,L

r,ω,t,k ≥ −AdcP
ES
r,ω,t,k

(17.a)

(

αr,k − 1
)

M ≤
∑

i∈�k

(

PAC
r,ω,t,k ,i − PAC,L

r,ω,t,k ,i

)

− PES
r,ω,t,k

(17.b)

∑

i∈�k

(

PAC
r,ω,t,k ,i − PAC,L

r,ω,t,k ,i

)

− PES
r,ω,t,k ≤

(

1− αr,k
)

M

(18)
minf =

Nr
∑

r=1

Tr

(

f dr + f sr + f mr + f br + f lr

)

s.t.

{

(1.a), (2.a), (2.c)− (2.e), (3.a)

(3.c)− (3.f), (4)− (12), (14)− (17)

stages, the penetration of renewable energy genera-
tion increases, and the location of the newly-installed 
DG in each stage is shown in Fig.  3. The variations of 
ESOP investment price, system load and DG accom-
modation in four stages are given in Tables  1 and 2 
[36]. The discount rate is set at 0.08, while the lower 
and upper voltage limits are set to 0.95 p.u. and 1.05 
p.u., respectively  [37]. The ES state of charge remains 
at [20%, 90%], and it is assumed that the capacity of the 
storage battery is reduced by 2% annually. Based on the 
predicted daily electricity demand and DG generation, 

Fig. 3 Structure of the modified practical distribution network

Fig. 4 Curves of load, PV generation and ToU electricity price
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the maximum ratios of renewable energy generation in 
the four stages can be evaluated, and the indices of DG 
penetration are set to 42%, 52%, 64% and 80%, respec-
tively [38].

4.2  Planning result and cost–benefit analysis of ESOP
Considering the load increment, DG expansion and 
investment price reduction, ESOP planning is carried 
out over a long time horizon. By constructing ESOP with 
existing tie-lines, the investment cost can be significantly 
reduced. Through multi-stage ESOP planning, the vary-
ing operational demands of ADNs are satisfied.

4.2.1  Planning result of ESOP in multiple stages
Case I The multi-stage ESOP expansion planning 
is implemented by adopting the proposed planning 
method.

The planning results of Case I are shown in Fig.  5. It 
can be seen that, on basis of the tie-line between nodes 
8 and 27, a two-terminal ESOP is constructed at the first 
planning stage. At stage II, the third AC-DC converter is 
scheduled based on the existing two-terminal ESOP. The 
three feeders are interconnected with only one new line, 
which significantly reduces the investment cost. Moreo-
ver, through multi-stage ESOP construction, a better 

adaptation of the shifts of increasing DG shares can be 
obtained (Table 2).

The scheduled capacities in the four stages are given 
in Table 3. Considering the increment of tie-line invest-
ment cost, early construction may lead to superiority 
in device price. The results show that tie-line recon-
struction is implemented at stage II. This can reduce 
the long-term investment cost. To facilitate DG pen-
etration, the capability of power transfer needs to be 
strengthened [39]. Thus, the capacities of ESOP are 
expanding in the four stages. Energy storage is assem-
bled to realize the complementarity of DG outputs and 
system loads. Table 4 shows the multi-stage investment 

Table 1 Price parameters of various devices

Price Stage I Stage II Stage III Stage IV

AC-DC converter price (RMB/
kVA)

1000 800 600 500

DC-DC converter price (RMB/
kW)

500 400 350 300

Storage battery price (RMB/kW) 500 400 350 300

ESOP maintaining price (RMB) 60 80 100 120

Line constructing price 
 (104RMB/km)

10 12 16 20

Land expropriation price 
 (104RMB)

500 550 600 700

DG generation price (RMB/kWh) 0.25 0.22 0.17 0.15

Table 2 Growth parameters of load and DG

Parameters Stage I Stage II Stage III Stage IV

Annual load growth rate (%) 4 3 1.5 1.0

Peak load (MW) 9.17 10.63 11.46 12.04

DG accommodation (MWp) 6.80 9.80 12.80 16.80

Daily electricity demand (MWh) 63.11 73.17 78.82 82.84

Daily DG generation (MWh) 27.34 39.40 51.46 67.54

DG penetration (%) 42 52 64 80

Fig. 5 Planning results of the network based on ESOP in Case I

Table 3 Planning capacity of ESOP in Case I

Scheduled capacity Stage I Stage II Stage III Stage IV

AC-DC converter (MVA)

Node 8 1.53 1.53 1.77 2.04

Node 19 – 0.48 2.11 2.13

Node 27 0.79 0.79 1.38 5.19

DC-DC converter (MW) 0.71 1.83 4.39 7.99

Storage battery (MWh) 2.02 5.18 16.77 45.15
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cost in Case I. It can be seen that the land expropria-
tion cost and tie-line construction cost are charged 
within stages I and II. With the capacity expansion 
of ESOP converters, the maintenance cost increases 
simultaneously.

4.2.2  Cost–benefit analysis of ESOP
To analyze the economic benefits of device investment, the 
following Case II is added.

Case II The operational results are obtained with no con-
sideration of ESOP construction.

Through integrating ESOP, the system operational status 
can be significantly improved. The cost-benefits of ESOP 
are derived from the decrement in electricity purchase 
cost, power loss cost, voltage deviation punishing cost and 
DG curtailment punishing cost. The voltage deviation pun-
ishing cost and DG curtailment punishing cost are shown 
as:

(19.a)f vr = 365 · �
∑Nt

t=1

∑

i∈�all

∣

∣

∣
U2
r,t,i − U2

0

∣

∣

∣

where � denotes the punishing coefficient of voltage devi-
ation, which is set to 10, and cDGr  denotes the electricity 
generation price of DGs during stage r.

Thus, the total cost of ADNs with ESOP is:

where f er  is the annual electricity purchase cost during 
stage r.

The cost–benefit results in multiple stages are given in 
Table 5. With the ESOP price reduction and DG accom-
modation increment, the system operational benefits 
derived from ESOP are higher than the device investment 
cost. At stage I, the annual total investment cost is 1.30 × 
 106 RMB and the total cost is reduced by 1.27 ×  106 RMB 
each year. It means that most of ESOP investment costs 
can be recovered. With increase in the installed DGs, 
the annual electricity purchase cost and the total cost 
are continuously reduced. At stage IV, the total cost is 
reduced by 9.61 ×  106 RMB, which is significantly higher 
than the investment cost. It proves that multi-stage plan-
ning can improve the benefits of ESOP construction.

4.3  Impact factor analysis of ESOP planning
IN practical long-period ESOP construction, device 
configuration is determined by multiple factors. Thus, 
the following planning analysis is conducted to deter-
mine the main impact factors, including tie-line location, 
renewable energy penetration requirement and device 
investment cost fluctuation.

(19.b)f cr = 365 · cDGr

∑Nt

t=1

∑

i∈�all

(

P
DG

r,t,i − PDG
r,t,i

)

(20)f Tr = fr + f er + f vr + f cr

Table 4 Multi-stage investment cost in Case I

Annual cost  (104RMB) Stage I Stage II Stage III Stage IV

ESOP device cost 37.49 62.00 157.88 449.48

Land expropriation cost 50.93 50.93 50.93 50.93

Maintaining cost 3.03 7.85 26.43 75.00

Power loss cost 38.79 41.56 45.34 63.25

Line construction cost 0.00 12.93 12.93 12.93

Total investment cost 130.24 178.29 304.37 688.89

Table 5 Cost–benefit result in multiple stages

Annual cost  (104RMB) Electricity 
purchase cost

Power loss cost Voltage 
deviation cost

DG curtailment 
cost

Total investment 
cost

Total cost

Stage I

Case I 2556.12 38.79 6.29 2.88 130.24 2695.53

Case II 2730.63 44.93 8.04 38.50 – 2822.10

Stage II

Case I 2440.32 41.56 6.20 9.12 178.29 2633.93

Case II 2628.55 52.09 8.37 36.01 – 2725.02

Stage III

Case I 1936.37 45.34 5.40 2.06 304.37 2248.20

Case II 2485.24 56.23 8.38 80.15 – 2630.00

Stage IV

Case I 1122.13 63.25 4.09 0.98 688.89 1816.09

Case II 2511.90 61.26 8.46 196.30 – 2777.92

Total stages

Case I 8,054.94 188.94 21.98 15.04 1,301.79 9,393.75

Case II 10,356.32 214.51 33.25 350.96 – 10,955.04
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4.3.1  Location of tie‑lines
Two cases with different initial network structures are 
added.

Case III The multi-stage ESOP expansion planning 
is implemented by adopting the proposed planning 
method. The initial network has no existing tie-line.

Case IV The multi-stage ESOP expansion planning 
is implemented by adopting the proposed planning 
method. The initial network has three tie-lines at nodes 
6–21, nodes 8–27 and nodes 19–31.

Figures  6 and 7 show the planning results of the net-
work based on ESOP in Case III and IV, respectively. 
The blue solid line presents a power transformation 
path of ESOP, where the converters have been allocated 
at the current stage. The red dashed line connecting 
ESOP presents the original tie switch line, which will be 
reconstructed with converters at later stages for power 
transmission.

The ESOP planning capacities and cost–benefit for 
Case III are given in Table  6. It can be seen that the 
scheduled capacities in Case I and Case III are analogous. 
The former has a reduction of tie-line investment costs 
each year of approximately 1.32 ×  105 RMB.

With different tie-line locations, the ESOP planning 
scheme has an alternative. By assembling converters at 
nodes 8, 19 and 27, a three-terminal ESOP is constructed 
between the three feeders. The results in Fig. 7 and Table 7 
for Case IV show that by reconstructing tie-lines, the 
device investment cost can be reduced. Also, the location 
has a relationship with the selection of planning schemes.

4.3.2  Requirement of DG penetration in ADNs
The capacities of DGs increase during the four stages, 
while the installed DGs are located at different feeders. 
Assuming that the four planning stages have different DG 
penetration requirements, the following case is added:

Case V Multi-stage ESOP expansion planning is imple-
mented by adopting the proposed planning method. The 
requirements for renewable energy penetration in the 
four stages are set to 30%, 45%, 60% and 80%, respectively.

The selected ESOP planning scheme is depicted in 
Fig. 8 and the scheduled capacities are given in Table 8. 
With tie-lines between nodes 8 and 27, feeders are inter-
connected by ESOP among nodes 8, 21 and 27. The con-
verter capacities are expanded within the four stages. 
With a lower requirement of DG penetration in the prior 

Fig. 6 Planning result of the network based on ESOP in Case III Fig. 7 Planning results of the network based on ESOP in Case IV
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stages, the scheduled scales of AC-DC converter capacity 
are relatively small. Compared with Case I, it is not nec-
essary to equip with energy storage at stages I and II.

It can be concluded that the ESOP planning results are 
related to the requirements of DG penetration. At the initial 
stage, the installed DG is small, and the equipped AC-DC 
converters are responsible for the feeder power flow con-
trol. With the increment of DG penetration, energy storage 
is integrated into the DC links of ESOP to improve energy 
efficiency. It can also be seen that the higher DG penetra-
tion requirements lead to larger ES capacities.

From the results given in Table  8, the cost–benefit is 
influenced by the scheduled capacity in each stage. At the 
initial planning stage in Case V, the scheduled converter 
capacities are on a small scale. Compared with Case I, the 
total costs in Case V are increased by 4.34 ×  105 RMB and 
6.34 ×  105 RMB at the first two stages. With the sched-
uled capacity increase, the cost benefits turn positive and 
the cost reduction is 9.43 ×  106 RMB at Stage IV. It indi-
cates that early ESOP construction can facilitate device 
investment recovery.

Table 6 Multi-stage planning results in Case III

Result Stage I Stage II Stage III Stage IV

AC-DC converter (MVA)

Node 8 1.52 1.52 1.77 2.05

Node 21 0.02 0.48 2.08 2.13

Node 27 0.76 0.76 1.41 5.20

DC-DC converter (MW) 0.72 1.83 4.39 8.00

Storage battery (MWh) 2.05 5.18 16.77 45.16

Line construction cost  (104RMB) 13.18 13.18 13.18 13.18

Total investment cost  (104RMB) 146.05 180.85 307.66 692.76

Total cost  (104RMB) 2712.96 2636.06 2251.12 1827.44

Table 7 Multi-stage planning results in Case IV

Result Stage I Stage II Stage III Stage IV

AC-DC converter (MVA)

Node 8 1.54 1.52 1.77 2.04

Node 19 0.55 0.59 2.12 2.13

Node 27 – – 1.37 5.19

DC-DC converter (MW) 1.50 1.83 4.39 7.99

Storage battery (MWh) 4.24 5.44 16.77 45.15

Line construction cost  (104RMB) 8.21 8.21 10.97 10.97

Total investment cost  (104RMB) 154.33 171.69 304.91 689.46

Total cost  (104RMB) 2711.29 2627.29 2248.84 1816.72

Table 8 Multi-stage planning results in Case V

Result Stage I Stage II Stage III Stage IV

AC-DC converter (MVA)

Node 8 0.73 1.42 1.73 2.05

Node 21 – 0.05 0.60 2.11

Node 27 0.08 0.12 0.55 5.21

DC-DC converter (MW) – – 2.17 8.00

Storage battery (MWh) – – 8.60 45.17

Total investment cost  (104RMB) 99.69 122.62 203.52 700.26

Total cost  (104RMB) 2865.54 2788.39 2405.29 1834.95
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4.3.3  Price change of device investment
Further considering the price fluctuation of ESOP 
devices, the following case is added:

Case VI The multi-stage ESOP expansion planning 
is implemented by adopting the proposed planning 
method.

The planning results are given in Fig. 9 and the detailed 
planning investment cost is given in Table 9. At the first 
planning stage, a two-terminal ESOP is constructed 
between nodes 8 and 19, while at stage II, the third 

Fig. 8 Planning results of the network based on ESOP in Case V Fig. 9 Planning results of the network based on ESOP in Case VI

Table 9 Investment cost of multi-stage planning in Case VI

Price Stage I Stage II Stage III Stage IV

AC-DC converter price (RMB/
kW)

1000 900 800 700

DC-DC converter price (RMB/
kW)

500 450 420 400

Storage battery price (RMB/kW) 500 450 420 400

Line constructing price 
 (104RMB/km)

10 12 14 16

Table 10 Multi-stage planning results in Case VI

Result Stage I Stage II Stage III Stage IV

AC-DC converter (MVA)

Node 8 1.54 1.54 1.77 2.02

Node 19 0.51 0.51 2.09 2.13

Node 27 – 0.10 1.40 5.19

DC-DC converter (MW) 1.50 1.83 4.39 8.00

Storage battery (MWh) 4.38 5.19 16.77 45.16

ESOP investment cost  (104RMB) 50.81 57.76 179.33 531.20

Total investment cost  (104RMB) 155.52 172.06 323.74 768.72

Total cost  (104RMB) 2709.54 2628.18 2267.60 1898.25
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AC-DC converter is scheduled based on the existing two-
terminal ESOP. The results indicate that the changes in 
equipment cost affect the formulation of ESOP expan-
sion planning.

With a flat decline of price in Case VI, the initial sched-
uled ESOP investment cost reaches 5.08 ×  105 RMB (from 
Table 10), which is much larger than the other cases. It is 
found that if the equipment cost cannot be reduced rap-
idly with the development, the investment of ESOP pre-
fers to be concentrated in the early stages. Construction 
should be avoided during any period having an expensive 
and volatile price. In contrast, when the equipment cost 
is decreased, the expansion can be implemented to meet 
the future operational requirement in advance.

5  Conclusions
To address the flexible configuration of ESOP, this paper 
proposes a multi-stage ESOP expansion planning method 
with consideration of tie-line reconstruction. Considering 
the evolutionary relationship among different planning 
schemes, ESOP expansion can be implemented over a long 
time horizon. A cost–benefit analysis of multi-stage ESOP 
expansion planning is formulated. The results indicate that 
the total cost, including electricity purchase cost, voltage 
deviation cost, and DG curtailment cost, is reduced by 
14.25% compared to the condition where no ESOP is allo-
cated. In addition, the impact factors of ESOP planning are 
further analyzed. The results show that the reconstructed 
tie-lines contribute to the reduction of ESOP invest-
ment costs, while the need to allow for DG penetration is 
responsible for the scheduled scales of ESOP investment at 
different stages. Given price fluctuation, expansion should 
be avoided during the period having an expensive and vol-
atile price. Through expanding ESOP in multiple stages, 
ESOP device utilization and the economy of the distribu-
tion network planning are significantly advanced.

Future investigation can be suggested as follows: first, 
the uncertainties of DG and load can be considered. 
These affect the results of ESOP planning. The integra-
tion of controllable devices brings enormous operational 
flexibility to ADNs. How to coordinate the planning of 
various devices will be further investigated to maximize 
the ESOP device utilization. In addition, the energy stor-
age model and device lifecycle can be further analyzed.
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