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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

expansion planning, Tie-line reconstruction

multiple impact factors are given to prove the effectiveness of the proposed method.
Keywords: Active distribution network (ADN), Energy storage integrated soft open points (ESOP), Multi-stage

1 Introduction

With the extensive integration of distributed generators
(DGs), the operating conditions and challenges of active
distribution networks (ADNSs) 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
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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

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-2864-867X
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41601-022-00268-5&domain=pdf

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

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 ADN . 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 ESODP, 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
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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 ADNE.

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
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Fig. 1 Structure of ESOP with multi-terminal converters
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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:

AC AC,L _ pES
Zieﬂk (Pr,w,t,k,i - r,a),t,k,i) - Pr,w,t,k (1.a)
2
ACL _ AC
i = Aac\/ (P,,w,t,,w) (thk l) (Lb)
Ac )2
(Pra)tkt) (Qrwtkz) Srkz (l.C)

where PAC . and QAC denote the active and reac-

rw,tk,i r,w,t,k,i
tive power injected by ESOP at node i in scheme k and
scenario w at time ¢ during stage r, respectively. Pﬁ\acj thl

denotes the active power loss of ESOP at node i in
scheme k and scenario w at time ¢ during stage r, while
PrEZ ; x denotes the active power injected by ES of ESOP
in scheme k and scenario w at time ¢ during stage r. Sr 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:

ES ES ES,L
Er,w,t+1,k - Er w,t,k — (Pr w,t,k Pr,a),t,k) At (2'3)
ES,L ES
Pr,a),t,k = AdC Pr,w,t,k (2b)
ES
Srk = rwtk—S (2.¢)
SOCEquSr k Ei} tk = = SOCfr?axSBA (2d)
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ES __ rES
Er,w,tN,k = Er,a),to,k (2.e)
where EES . and PESY denote energy stored by ES of
r,w,t,k r,w,t,k gy Yy

ESOP and the power loss of ES in scheme k and sce—
nario o at time ¢ during stage r, respectively. S° o Cand SBA ok
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:

> (Proii = Tibrwoni) + Proti = Y Protjg

SN Jjg<tan
(3.2)
Z (Qrwti — Xijlrwif) + Qrawsj = Z Qrowtj
jelan Jjg<lan
(3.b)
Vroti = Vrotj + (V + xu>lrw t,if 2<Vijpr,w,t,ij + xijQr,w,t,ij) =0
(3.¢)
r ,L,if + Qr W,L,if Vr,w,t,ilr,w,t,ij (3.d)

L LD
Pr,w,t,z— rwtl+§ :k r ra)tkz Prwtl

(3.e)

_ nDbG LD
Qr,w,t,i = Qr,w,t i Zke[l Qr w,t,k,i Qr,w,t,i (3f)

where Py ,¢,;j and Q;,¢,;j denote the respective active and
reactive power flow of line ij in scenario w at time ¢ dur-
ing stage r. Py and Qi denote the total active and
reactive power injection at node i in scenario w at time
t during stage r, respectively. [y, and v, ¢ denote
the respective squared voltage magnitude of node i and
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current magnitude of branch jj in scenario w at time ¢
during stage r.

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

(uimin)z < Vrwti = (ulmax)z

2
lr ; l] < (lmax)

where L[imin and U™ denote the lower and upper lim-
its of voltage at node i, while ;" denotes the maximum
loading current of line ij.

(4.a)

(4.b)

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

DG
0<Pi]?5tzfpr,t,i (53)
PDG 1— ( mm)2
QDG r,t,i Ml (Sb)
rw,ti| — ,bbmm
L
\/( rwtz) + (Qywtl)z =< SLDG (5C)
where PPg“ and Qrw” are the respective active and

reactive power 1n]ected by DG at node i in scenario w at

time ¢ during stage r. P is the maximum power output

rot,i
of DG at node i at time ¢ during stage r, SIDG is the capac-
ity of DG i, and ™" 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
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Examples of evolution
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Fig. 2 Planning framework of ESOP in multiple stages

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}.

L= U]kvil.c(k) - UkNilui’zz(k, ) 6.2)
L(k,2) = {k|size(R) = 2} (6.b)
L(k,3) = {h|size(R)) = 3,2, 2 Q. k € L(k,2)}
(6.¢)
L(k,4) = {plsize(R,) = 4,2, 2 Q,h € L(k,3)}
(6.d)

In (6.a)—(6.d), M; denotes the maximum ESOP termi-
nal number. £(k) and L(k, t) are the sets of ESOP and t
-terminal ESOP planning schemes evolved from scheme
k, respectively. Function size(2;) denotes the nodes
number of scheme k.

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

Zhea(k)a"h <LVkeLl (7.2)
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SEU =D e St (7.b)
DC

S}’ 1L,k —= Zhéﬁ(k)sr’h (7C)
BA

SV 1k = Zheﬁ(k)sr’h (7'd)

where 1 is the damping coefficient of storage battery
capacity, and o, is a binary variable, which denotes
the selection of scheme / during stage r, and scheme
h e 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 stager — 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:

minf = Zi\ilT’f’ (8.a)
fr=fA 4+ S (8.b)

where T, denotes the period of planning stage r. 9, f5,
f™, fPand f! 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:

frd _ Z: —1(deSOP desop + A ) (9.2)

dQ+dy

d,ESOP _
5 T A+dY -1

de( CSAC + CDCSDC + C SBA)
(9.b)
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dQ1+dy
BA _ _BA _\eBA
Af;/ = ‘(1 + d)y 1 (1 n)Sr’71J< (9'C)
where C[}C, CD/C and CEA 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. A r}/3A 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:
ar/fl,k)

s d(l + d)y csite
f’" (1+d)y_12,_1zkeﬁ rt ( r
(10.a)

C C A
=yl (Sffk + Sk +SEk>

d(1+dy
(1 —|— d)y —_ IZV —12]( L r’é:ar/ kLk (IO'C)

where «,/; is a binary Varlable which denotes the selec-
tion of scheme k during stage 7. When o, equals 1, the

(10.b)

=

construction plan is determined as scheme k. csite, ¢ and

c];, denote the land expropriation price, maintammg price
and line construction price, respectively. & is the terrain
correction coefficient, and L} 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:

£ =3653," 3 7, chap (PSS + PSS ) A

(11.a)

Line
Pt = Z Tijlyo,tij
ij€lan

AC,L
PDev — pAG
ot Zkeﬁ Zieﬂk

(11.b)

7,w,5,K,i

ES,L
Pr W,t k) (1 LC)
where cEt is the time-of-use (ToU) electricity price at
time ¢ during stage r, and p,, is the probability of scenario
w.

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:

AC
Spi = Zieﬂksr,k,i (12.)
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ke < SAC < kM (12.b)
0 <SP <o kM, 0 <SP < kM (12.c)

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 «, 4 refers to whether the AC-DC converters of
ESOP are equipped or not. With the binary variable o, 4,
the operating constraints of ESOP can be transformed as:

AC
Ay k |:Zi€§2k (Pr,w,t,kl

P}I"\a():)}kt) Pra)tk:| =0
(13)

When o, ; equals 1, it is essential to equip with AC-DC
converters, and (13) is identical to (1.a). When «, x 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
ADNE.

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:

LD
Z Zzeﬂ Al ru)tL yVPr,w,t,i) =0

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

(14)

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:
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PAC AC ACL
7,w,8,K,i 7,w,8,K,i )
QAC = Sk QAC < AacP i (15.)
7,w,t,k,i 7,w,t,k,i
2Pr,w,t,ij
2Qr,w,t,ij =< lr,w,t,ij + Vit (151))
brw,tij = Vot

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

ES,L ES ES,.L ES
Pr,w,t,k z AdCPr,a),t,k’Pr,w,t,k z _AdCPV,w,t,k

(16)

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

AC AC,L ES
(ar,k - I)M = Zier (Pr,w,t,k,i - Pr,w,t,k,i) - Pr,w,t,k
(17.a)

AC,L
Pr,(u,t,k,i

AC ES
Ziegk (Pr,w,t,k,i - ) —Pr i < (1—ap)M
(17.b)

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

Ny
minf = ZTV(frd +fS 4 fm +frb +frl)
r=1 (18)
ot { (1.a), (2.2), (2.c) — (2.e), (3.a)
T B = (B, (4 — (12), (14) — (17)

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 Muvar, 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
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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,
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Table 1 Price parameters of various devices

Price Stage| Stagell Stagelll StagelV
AC-DC converter price (RMB/ 1000 800 600 500
KVA)

DC-DC converter price (RMB/ 500 400 350 300
kW)

Storage battery price (RMB/kW) 500 400 350 300
ESOP maintaining price (RMB) 60 80 100 120
Line constructing price 10 12 16 20
(10*RMB/km)

Land expropriation price 500 550 600 700
(10°RMB)

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

Table 2 Growth parameters of load and DG

Parameters Stagel Stagell Stagelll StagelV
Annual load growth rate (%) 4 3 15 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 3940 5146 67.54
DG penetration (%) 42 52 64 80
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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

Stage IV

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

22 23 24 25 26 27 28 29 30 31

Table 3 Planning capacity of ESOP in Case |

Scheduled capacity Stagel Stagell Stagelll StagelV
AC-DC converter (MVA)

Node 8 1.53 1.53 1.77 2.04
Node 19 - 048 211 213
Node 27 0.79 0.79 138 5.19
DC-DC converter (MW) 0.71 1.83 439 7.99
Storage battery (MWh) 2.02 518 16.77 4515

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
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Table 4 Multi-stage investment cost in Case |

Annual cost (10°RMB)  Stagel Stagell Stagelll  Stage IV
ESOP device cost 3749 62.00 157.88 44948
Land expropriation cost 50.93 5093 5093 5093
Maintaining cost 3.03 7.85 2643 75.00
Power loss cost 38.79 41.56 4534 63.25
Line construction cost 0.00 12.93 12.93 1293
Total investment cost 130.24 178.29 304.37 688.89

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 11 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:

frews Y

(19.a)

2 2
Ur,t,i - UO ‘

all

Table 5 Cost-benefit result in multiple stages
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DG N; —DG DG
fe =365 <2931 S (P —PRE) (9b)

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

Thus, the total cost of ADNs with ESOP is:

SE=f+f A+ +ff

where f° is the annual electricity purchase cost during
stager.

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 x
10° RMB and the total cost is reduced by 1.27 x 10° 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 x 10° RMB, which is significantly higher
than the investment cost. It proves that multi-stage plan-
ning can improve the benefits of ESOP construction.

(20)

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.

Annual cost (10°RMB) Electricity Power loss cost Voltage DG curtailment  Total investment Total cost
purchase cost deviation cost cost cost

Stage |

Case | 2556.12 38.79 6.29 2.88 130.24 2695.53

Caselll 2730.63 4493 8.04 38.50 - 2822.10

Stage Il

Casel 2440.32 41.56 6.20 9.12 178.29 263393

Caselll 2628.55 52.09 837 36.01 - 2725.02

Stage lll

Case | 1936.37 4534 5.40 2.06 304.37 2248.20

Casell 248524 56.23 8.38 80.15 - 2630.00

Stage IV

Case | 112213 63.25 4.09 0.98 688.89 1816.09

Casell 2511.90 61.26 846 196.30 - 277792

Total stages

Casel 8,054.94 188.94 21.98 15.04 1,301.79 9,393.75

Caselll 10,356.32 214.51 33.25 350.96 - 10,955.04
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Fig. 6 Planning result of the network based on ESOP in Case Il

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 x 10° RMB.
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Fig. 7 Planning results of the network based on ESOP in Case IV

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
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Table 6 Multi-stage planning results in Case Il

Result Stagel Stagelll Stage Il Stage IV
AC-DC converter (MVA)

Node 8 1.52 1.52 1.77 2.05
Node 21 0.02 0.48 2.08 213
Node 27 0.76 0.76 141 5.20
DC-DC converter (MW) 0.72 1.83 439 8.00
Storage battery (MWh) 2.05 518 16.77 45.16
Line construction cost (10°RMB) 13.18 13.18 13.18 13.18
Total investment cost (10*RMB) 146.05 180.85 307.66 692.76
Total cost (10*RMB) 2712.96 2636.06 2251.12 182744
Table 7 Multi-stage planning results in Case IV

Result Stagel Stagelll Stage Il Stage IV
AC-DC converter (MVA)

Node 8 1.54 1.52 1.77 2.04
Node 19 0.55 0.59 212 213
Node 27 - - 137 519
DC-DC converter (MW) 1.50 1.83 439 7.99
Storage battery (MWh) 424 544 16.77 4515
Line construction cost (10°RMB) 8.21 821 10.97 10.97
Total investment cost (10*RMB) 15433 17169 304.91 689.46
Total cost (10*RMB) 2711.29 2627.29 2248.84 1816.72
Table 8 Multi-stage planning results in Case V

Result Stage | Stage Il Stage lll Stage IV
AC-DC converter (MVA)

Node 8 0.73 142 1.73 2.05
Node 21 - 0.05 0.60 2.1
Node 27 0.08 0.12 0.55 521
DC-DC converter (MW) - - 217 8.00
Storage battery (MWh) - - 8.60 4517
Total investment cost (10*RMB) 99.69 12262 203.52 700.26
Total cost (10“RMB) 2865.54 278839 2405.29 1834.95

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 IIL.

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 x 10° RMB and
6.34 x 10° RMB at the first two stages. With the sched-
uled capacity increase, the cost benefits turn positive and
the cost reduction is 9.43 x 10° RMB at Stage IV. It indi-
cates that early ESOP construction can facilitate device
investment recovery.
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Table 9 Investment cost of multi-stage planning in Case VI 4.3.3 Price change of device investment

Price

Stage| Stagell Stagelll Stagelv ~ Further considering the price fluctuation of ESOP

AC-DC converter price (RMB/
kW)

DC-DC converter price (RMB/
kW)

Storage battery price (RMB/kW)

Line constructing price
(10*RMB/km)

devices, the following case is added:

1000 900 80 700 Case VI The multi-stage ESOP expansion planning

S0 450 420 400 is implemented by adopting the proposed planning
method.

500 450 420 400 The planning results are given in Fig. 9 and the detailed

10 12 14 16 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

Table 10 Multi-stage planning results in Case VI

Result Stage | Stagelll Stage Il Stage IV
AC-DC converter (MVA)

Node 8 1.54 1.54 1.77 2.02
Node 19 0.51 0.51 2.09 213
Node 27 - 0.10 1.40 5.19
DC-DC converter (MW) 1.50 1.83 439 8.00
Storage battery (MWh) 438 5.19 16.77 4516
ESOP investment cost (10*RMB) 50.81 57.76 179.33 531.20
Total investment cost (10*RMB) 155.52 172.06 323.74 768.72
Total cost (10*RMB) 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 x 10° 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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ADN: Active distribution network; ESOP: Energy storage integrated soft open
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