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EV
FC/DWC

FCS
DWCS
PV/ESS

Input and output efficiency of ESSs
Energy transfer efficiency of FC/DWC
The percentage of EVs that support
DWC

Nominal voltage of power network
nodes

Lower/upper bounds of power network
nodal voltage

Resistance/ reactance of original cable
on power line e

Combined resistance/ reactance consid-
ering the added power cables on line
e

1 if path k of O-D pair od includes
road /, at time t; and 0, otherwise
Number of lanes in one direction on
road /

Tolerance values of upper bound/lower
bound, in OBBT

Convergence tolerance in SBT

Local feasible solution of the original bi-
level problem

Decreasing sequence in SBT

Big constant in the big-M approach

FC demand of O-D pair od, path k, on
road [, at time ¢

DWC demand of O-D pair od, path %,
on road /, at time ¢

1 if FCS/DWCS is built on road /; and
0, otherwise

1 if additional power cable is built on
power network line e; and 0, otherwise
Numbers of FC piles/PVs/ESSs installed
on road [

FC/DWC service prices at time ¢
Active/reactive power from power
network to FCS and DWCS on road /,
at time ¢

Output power of PVs/ESSs on road [, at
time ¢

Active/ apparent power on power
network lines after expansion

Nodal voltage on power network node a,
at time ¢

New line resistance/ reactance with
added cables on line e

Tightness value of relaxation in SBT

Electric vehicle

Fast charging/dynamic wireless charg-
ing

Fast charging station

Dynamic wireless charging system
Photovoltaic/energy storage system
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DNO Distribution network operator

PN Power network

TN Traffic network

PTN Coupled power-traffic network

TA Traffic assignment

EDA Energy demand assignment

OBBT Optimization-based bound tightening
SBT Sequential bound tightening

I. INTRODUCTION

O ALLEVIATE energy and environmental problems, it
has become a global consensus to increase the electric
vehicle (EV) penetration [1]. And the rapid increase of EV
number will bring a huge charging demand [2]. Under this
background, EV charging technologies are paid much atten-
tion, and multiple charging methods such as slow charging,
fast charging (FC) and dynamic wireless charging (DWC)
have been developed to meet the different charging demands
of EV users [3]. At the same time, the diversified energy
replenishment methods represented by the battery swapping
mode is also getting attention [4]. The traffic behavior of EVs
affects the traffic flow in the traffic network (TN), and they
are also integrated into the power network (PN) through these
charging methods [5]. Therefore, providing sufficient charging
services while ensuring the efficient operation of the coupled
power-traffic network (PTN) has become a key issue [6].
There are several studies that have focused on PTN.
Reference [7] provided a steady-state user equilibrium model
considering fuel vehicles and EVs in PTN. Reference [8] stud-
ied the influence of traffic patterns on the spatial distribution of
power loads and proved the advantages of the joint operation
of the PTN. Reference [9] considered the possible secu-
rity threats when the power network and traffic network are
coupled. An optimal traffic power flow problem considering
power-traffic coupling was proposed in [10]. Reference [11]
analyzed the influence of high-permeability electric vehicles
on the dependence of power network and traffic network.
Based on the studies of PTN, the optimization of multiple
charging methods was studied by several former researches.
FC is a widely used charging method that charged EVs through
the FC piles. Reference [12] described the distribution of traf-
fic flow in the traffic network by using the unconstrained
traffic assignment model. Reference [13] proposed a method
of urban electrification planning considering distribution lines,
traffic roads and EV charging stations. Reference [14] con-
sidered the planning of hybrid energy supply stations which
could supply energy for EVs and fuel vehicles at the same
time. Reference [15] proposed an EV charging station plan-
ning method considering optimal power flow. Reference [16]
considered the temporal and spatial characteristics of the traf-
fic network. Reference [17] considered the diversification of
objectives based on the urban system, so as to reflect the
impact of different factors on the global objective. A planning
method that considers the impact of EV charging stations on
traffic impacts and power line conditioning capabilities was
proposed in [18].
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As an innovative charging method, the application of DWC
technology has also been widely concerned. Reference [19]
studied the DWC demand of city roads and highways. A
DWCS planning method aiming at extending EV mileage was
proposed in [20]. Reference [21] considered the life cycle
of equipment and greenhouse gas emissions in DWCS plan-
ning. A DWCS planning method considering traffic wave is
proposed in [22]. Although the above studies have covered the
application of major charging methods, few researches have
studied the complementarity among various charging methods,
and the coordinated planning of multiple charging methods.
When the charging service provider operates multiple types
of charging facilities, having a comprehensive understanding
of charging demand information enables the spatial and tem-
poral optimization assignment of charging service capacity and
demand [47]. This helps to avoid imbalances in the supply and
demand of charging services.

Besides planning and scheduling, the market can also influ-
ence both charging service provider and EV users through
charging prices. Reference [23] studied the collective charg-
ing load scheduling based on real-time charging prices.
Reference [24] studied the price elasticity of electric vehicle
charging service. Reference [25] considered the dynamic elec-
tricity price and the ability of EV charging stations to provide
auxiliary services. Reference [26] proposed a dynamic pricing
strategy for electric vehicle charging services considering the
fluctuation of charging demand and the uncertainty of renew-
able energy systems. In terms of charging prices, we only
need to consider the equilibrium between charging service
provider and EV users as two stakeholders but do not neces-
sarily need to know the detailed traffic assignment (TA) result,
which complicates the optimization problem and is difficult to
solve.

In solving the problem of charging facility planning, some
studies regard the charging service provider and the EV user
group as a united entity with a shared optimization goal.
This approach ignores the game between the charging service
provider and the EV user group as two separate stakeholders.
In studies taking the game into account, the traffic assign-
ment approach is often adopted to depict the traffic behavior
of EV in power-traffic network when charging demand is gen-
erated. However, when using the traffic assignment approach,
the inner level of the bi-level optimization problem involves a
large number of integer variables, leading to high complexity
in solving the optimization problem.

To address the above research gaps, we propose a market-
based coordinated planning method that considers the game
between different stakeholders. In the inner level of the model,
we use the energy demand assignment approach instead of the
traffic assignment approach, which eliminates integer variables
and reduces the complexity of solving the bi-level optimization
problem. The main contributions of this paper are listed as
follows:

1) The proposed market-based coordinated planning method
takes into account the characteristics of DWCSs that do not
occupy extra space and allow electric vehicles to be charged
during transportation and the low cost of hardware facilities of
FCSs. In the coordinated planning model, the complementary

Traffic network
e

Fig. 1. The Framework of Coupled Power-traffic Network Integrated with
FCS and DWCS.

characteristics of FCSs and DWCSs in PTN are fully
utilized.

2) The EDA approach is adopted to directly assign FC
and DWC demand to each road and power node in PTN.
All the models required by this method are linear variables,
which avoids the influence of integer variables on the solving
efficiency.

3) The impact of differentiated traffic demand and differ-
entiated land prices in different regions on planning costs is
considered in the case studies. Eight cases based on two PTN
in different scale are used to verify the effectiveness of the
proposed market-based coordinated planning method.

The remainder of the paper is organized as follows: the
mathematical models of the market-based coordinated plan-
ning method in the coupled network are proposed in Section II.
In Section III, the solution of the proposed model is intro-
duced. The case study of the proposed model is validated in
Section IV, and Section V concludes.

II. MATHEMATICAL MODELS OF MARKET-BASED
COORDINATED PLANNING IN PTN

The framework of coupled network integrated with FCSs
and DWCSs is illustrated in Fig. 1. In the proposed model,
FCSs and DWCSs are responsible for charging the EVs, which
provide links between the power network and traffic network.
FCSs have the character of cheaper hardware, DWCSs have
the characters of taking smaller area and charging on the move.
So they have different feasibility for different areas. Their char-
acters enable them to complement each other in the level of
planning and operation. PVs can offer electricity to FCSs and
DWCSs during the daytime when the rest part of the electric-
ity can be stored in the ESSs. The ESSs charge when the PVs
output power is greater than the charging load of FCS and
DWCS, and on the contrary if discharges.

A. The Interaction Between Charging Service Povider
and EV User Group

The two stakeholders in the model are the charging service
providers and EV users. In this paper, we treat all EV users as a
collective EV user group [44], [45], [46]. The architecture for
the interaction between them is illustrated in Fig. 2. The charg-
ing service provider includes the distribution network operator
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— Higher level power network

Outer Level: Charging Service Provider
Objective: Maximum the charging payoff

—= Distribution Network Operator (DONO)
: o Power supply for FCSs, DWCSs and ESSs
=« Power line expansion

Voltage and power balance

—>  FCSs/DWCSs
:e FC and DWC services
e Cooperate with ESSs

PVs/ESSs

Power supply for FCSs
and DWCSs E

Inner Level: EV User Group

Objective: Minimum the charging costs

: EV1 EV2 DRI EVn
Energy Energy Energy
: | demand demand demand
: [ of EV1 of EV2 of EVn

""",demand

Total energy demand of FC and DWC

Energy demand assignment model

Fig. 2. The interaction between charging service provider and EV user group.

(DNO), FCSs/DWCSs and PVs/ESSs. Within it, the DNO is
responsible for providing power supply to FCSs, DWCSs, and
ESSs, as well as purchasing electricity from the higher level
power network. PVs and ESSs are also responsible for supply-
ing power to FCSs and DWCSs. At the same time, ESSs can
accept power supply from the DNO or store energy from PVs
that have not been consumed, depending on the scenario and
operating conditions. Outer level and inner level represent the
benefits of the charging service provider and EV users. Their
objectives are maximizing the charging payoff and minimizing
the charging costs, respectively. It should be noted that, we
mainly focus on the coordinated planning of DWCSs/FCSs,
rather than the specific charging navigation strategy of EV
individuals. Therefore, as two stakeholders, the charging ser-
vice provider and the EV user group just share information
that does not involve the specific privacy of EV individuals.

The prices of FC/DWC services and the planning schemes
of FCSs/DWCSs affect the distribution of energy demand in
PTN. In addition, different charging methods will also affect
EV users’ charging demand. Meanwhile, EV users’ charging
behavior will affect the sizing and siting of FCSs/DWCSs as
well as the charging prices.

Two important concepts should be denoted:

1) Energy gap: the difference between the maximum capac-
ity of EV batteries and the actual energy of EV batteries.

2) Energy demand: the actual demand generated by EVs,
that is the energy actually transferred to the electric vehicle
through FC and DWC.

B. The Energy Demand Assignment Model

In order to reduce the solving complexity, the EDA model
is adopted, as shown in Fig. 2. TA and EDA are compared in
the following part to clarify the advantages of EDA.

1) Traffic Assignment Model (TA): At the inner-level, the
charging scheduling of all the EV users is always regarded
as a TA problem. It refers to how to assign traffic demand to
roads to minimize transportation costs. In former researches,
TA was always solved according to the User Equilibrium or
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Traffic demand
(of O-D pairs od, at time ¢)

Candidate paths

path,...; [;L-l;ﬁ:; ., path,

road,

o--'o- ’b

l
[~ t -------------. - t ------------- 1
! Based on traffic i Based on energy
E assignment ' E demand assignment
y 18— f
v Traffic flow of O-D pairod, 4 13 [0k FC demnad of O-D pair od,
tod:kil - path k, on road 1, at time ¢

: 1 path &, onroad /, at time .
f: wod k- Traffic flow of EVs'which}
E chose to charge through FCSs: 1} DWC demnad of O-D pairod,

path k, on road 7, at time ¢.

[
'
1 Traffic flow of EVs whlch:
:f""d‘k" chose to charge through}
14D

! DWCSs.

' i prodkd Average charging energy o
V- P fast charging per EV.

Average charging energy o

Energy [
gap

nfilled energy gap

1
d k. .
E E,:,,‘; ! dynamic wireless charging Integer variables
HE S PerEY. LT Continuous variables <.~
Fig. 3. Comparison of charging schedule based on TA and EDA.

the System Optimization. The TA model based on Nesterov’s
system is shown as (1)—(4) [13]:

min CH(ft,,,d,k,l) (1)
St frodkt =0, Vt,0d, k, 1 )
ftOdkl+ft0dk[<ﬁ()dkl$ Vi, od. k, (3)
DO frodki < Vi, Vi, od, k. 1 4

od k

where CH is the total charging costs; f; 4.k 1 is the traffic flow
on time #, O-D pair od, path k, road I; f5°%*! and f504*! o
the traffic flows of EVs which choose to charge through FCSs
and DWCSs, respectively. V; is the maximum vehicle capacity
without traffic jams on the road /.

As shown in Fig. 3, when simulating the charging schedul-
ing of EVs, integer variables f; oq.x.1, ”’d ki fBOd‘k’l are
necessary for TA. As the number of EVs is an integer, these
variables cannot be considered as linear variables. When TA
is used in the inner-level of a bi-level problem, the problem
will become a bi-level mixed integer programming problem
with integer variables in its inner-level, which could be hard
to solve [27].

2) Energy Demand Assignment Model (EDA): The EDA
proposed in this paper is a demand distribution process based
on the benefits of charging service provider and EV user group,
which directly distributes the charging energy demand to traffic
roads and power nodes of PTN. In terms of planning, the
specific TA results are not necessary, and we only need to get
the EDA results. So the EDA model is proposed to replace
the TA model, which is stated as:

minCH(E}’Od’k’l, Ejf"”‘”) (5)
st 0 < Ey okl gLodtkl < yimeonlE, V1, 0d, k1 (6)
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O<ZZ( ghodkl 4

’“”") < 5% Vi,0d,k, 1 (7)

where EL%%! and E;‘”d’k’l are the FC/DWC energy demand

on time ¢, O-D pair od, path k, road [; E,, is the average energy
gap of each EV; nep is the EV penetration rate; nl, is the num-
ber of lanes on the road /; Efg;"d is the energy gap on time ¢,
O-D pair od. Inequality (6) ensures that the energy demand
cannot exceed the maximum energy demand determined by
road traffic capacity. Inequality (7) ensures that the energy
demand should be less than the upper limit. The proposed
EDA requires fewer variables and no integer variables, so
that reduces the solving complexity. It should be noted that
formulas (5)—(7) are only examples of EDA, and its specific
application in the proposed bi-level programming problem will
be explained in subsequent chapters.

C. Outer-Level Objective and Constraints

1) Outer-Level Objective: The objective of the outer-level
is to maximize the charging payoff, in which the charging
service income (Ify), the electricity purchasing costs (Cpy),
the penalty costs (Cp.), the total construction investment (Ciyy)
and the operating costs (C,p) are considered. The outer-level
objective is stated as (8):

max Iyy — Cop — Cpm — Cpe

— Ciny - (1 + )" /[(1 + )" — 1] ®)
where « is the discount rate; y is the years of investment.

The charging income includes FCS and DWCS charging
services income, which is stated as (9). The penalty cost
is based on the energy gap that is not met through fast
charging or dynamic wireless charging. We believe that as
a service-oriented enterprise, charging service provider should
also assume basic social responsibilities, some countries and
cities have formulated laws and regulations on the service
capacity of charging service providers [41], [42]. The penalty
costs of the unfilled energy gap are stated as (10).

Ig = 3652222( f0dklPR%+EtadklPRt)

vt, od, k, | ©)

Cpc—365ﬁp|:ZZEtad ZZZZ(ankl rodk[)i|7
t od k

Vt,od, k,1 (10)

2) Planning Constraints: The planning constraints of the
proposed model are stated as (11)—(16). The total construc-
tion investment includes FCSs, DWCSs, PVs/ESSs installation
costs, power network cables expansion costs and the land
costs, which is stated as (11). Inequality (12) sets the upper and
lower bounds of FCSs and DWCSs. Inequality (13) denotes
that the installation capacity of FCSs and DWCSs should be
no more than the maximum energy demand. Inequality (14)
sets the upper and lower bounds of FC piles, PVs and ESSs.
Inequality (15) denotes that the FC piles should only be
installed in FCSs. Inequality (16) denotes that PVs and ESSs

should only be installed with FCSs and DWCSs.

Z nPRa1 + Z[(PRid + PRawc LM,
I

+PRi: M., + (PRCP + PRgc)nﬁ. + (PR

an

+PRL, ), + (PRes + PRE L |, Ve (1)
0< ) My<pup0<) My=pup VI (12)

l l
nl PrT, + PpTp ViM'y < VinepnlE,, ¥t,0d, k, |

(13)
0<nl<Mm0<n <uy, 0<nl <upp ¥l (14)
le < n, < duMjs, VI (15)

0<nl < aM(MrerMﬁ) 0<n <3M(M’ +M! ) Vi
(16)

3) Operation Constraints: The operation constraints are
stated as (17)—(18). The operating costs include the FCSs
operating costs and DWCSs operating costs, which is stated
as (17). Equation (18) denotes the electricity purchasing costs:

Cop = 365 (PRD,,f > nb, + PRopa Y MLy ) T, VI (17)
1

I
Com =365 3 > PR, (Pin = P ) Tus 1.1
t I

4) ESS State Constraints: The ESS state constraints are
stated as (19)—(24). Inequality (19) denotes that the ESSs
cannot be overcharged or over-discharged. Inequality (20)
and (21) set the upper and lower bounds of ESSs charging and
dlschargmg power. Inequality (22) and (23) ensure that one of
P "'and P%! should be 0, which means ESSs are not allowed to
charge and discharge at the same time. Equation (24) denotes
the ESSs output power to the distributed network. We set the
upper and lower limits for the SOC of ESS. Because over-
charge and over-discharge of ESS will affect its service life,
in this paper, the upper and lower limits of SOC of ESS are
set to 0.2 and 0.8 respectively.

(18)

mn
0.2nL,ECos < EOj+ ) (P’ e+ Poe)T < 0.8nL, EC,,,
=1

Vine[1,24], VI (19)

0 < PnieTy < 0.8n ECe, V1.1 (20)
—0.8nL,EC,s < PLIT, <0, V1,1 1)

0 < PUIT, < &blsy, Vi1 (22)
(ef;l - 1)3M <PYT, <0, V1,1 (23)

Pil = — (P 4 Phliae)., .1 (24)

where Pgand Pgé are the input power and output power of
the ESSs on the road /, at the time t; nje and 1, are the input
and output efficiency of ESSs; &’ !'is the binary variable to
guarantee that one of Pl land P” should be 0; &y is the big
constant in the big-M approach P’ ‘l is the ESSs output power
to the distributed network on the road [, at the time ¢.
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5) FC/DWC Prices Constraints: The FC/DWC price con-
straints are stated as (25), which are the FC prices and DWC
prices constraints, respectively.

PR, < PRp < PRyF, PR,, < PR}, < PRyp, Vt (25)

6) Power Network Constraints: The power network con-
straints are stated as (26)—(35). Inequality(26) is the constraint
on active power output from the power network to FCS
and DWCS. Inequality (27) is the constraint on PVs’ out-
put power. Equation (28) and inequality (29) are the balance
constraints, in which w refers to all power network lines con-
nected to the power network node corresponding to road I.
Equation of power network line voltage drop is given as (30),
in which a and b are power network nodes connected with
power network lines w. Inequality (31) is the nodal volt-
age constraint, in which e represents any power network
nodes. Equations (32)—(35) are the constraints on the power
line resistance and reactance after the power line capacity

expansion.

0 = P < (Ml + Mlg)ou, Vi1 (26)
1
0 <Pyl <nl P, Vi1 (27)
Zpud = Py + Py, Vi lw (28)
0 < 8. < ECy +My,ECpy,  Vi,w (29)
Upa — Uy = (PLY e, + 04 x0) /Un,  Yt,w,a,b (30)
Un < Ut,e < Uu, Vt,e (31)
rrvtve = r(vfr + M;Vn (rz)m - r:)vr)’ Vw (32)
Xy, = Xy + Mw ( Y — xzvr) Yw (33)
) 2
r:'va = [(ror) ad + ( ) ;vr + (xor) Zd
(@) )7 [ ) ()] v
(34)

xx) N [(rad)zxw + ( or) Z/d + ( or)zx::d

()t ]/ [+ ) + (it 22)] v
(35)

D. Inner-Level Objective and Constraints

1) Inner-Level Objective: The objective of the inner-level
is to minimize the charging costs of EV users, in which the
charging service costs (Ifz) and the charging time costs (Cyc)
are considered. The inner-level objective is stated as:

min Iz + Cpe (36)

Because the adoption of FC requires additional time for
EV users, it incurs the time cost. In existing researches, the
method often used is to quantify the time cost by converting
it into economic value [48], [49]. In this paper, the wage cost
method is used to convert the charging time of EV users into
charging time cost. The wage cost method links the time cost
of a person with the value that person can create. The charging
time costs are stated as (37).

Cie =365 %" > " Ey**™ PRy, /Pr, Vt,0d,k,1 (37)
t od k 1

IEEE TRANSACTIONS ON SMART GRID

2) Energy Demand Constraints: The energy demand con-
straints are stated as (38)—(44). Inequality (38) denotes that
the energy demand should not exceed the maximum energy
demand of O-D pair od, at time ¢. Inequalities (39) and (40)
denote that energy demand should not exceed the installa-
tion limits of charging facilities. At the same time, con-
straints (13), (39) and (40) can relax constraint (6) in EDA
because they are stricter constraints. Inequality (41) is the
constraint on the proportion of EVs with DWC technology.
Inequality (42) set the lower bound of total energy demand.
Inequalities (43)—(44) ensure that the energy demand should
just be assigned on the roads where EVs are passing:

0<zz( todk1+E’0dkl) <E"’d Vt,od, k,1 (38)

0< Z ZE;"‘“‘” < nlyPrTy, Vt,0d, k| (39)
od k

0= > EFN < PpThlViM!,, Vi, 0d. k.1 (40)
od k

0< ZZE’”"“ < EL%ng, V1,0d.k,1 41)

AEZZW SHHHUCEE

t od k

todkl)

Vi, 0d, k,1 (42)
(43)

(44)

0 < Ep°tt < Miotklsy, vt od, k, 1
0 < E;**M < MES Ry, Vi, od k. 1

3) Coupling Constraints: Equations (45)—(46) are the cou-
pling constraints on the active/reactive/apparent power which
are decided by the power network/PV/ESS output power and
the FC/DWC charging power:

todkl ) /T

PZZJFP” Ptl ZZ( toa’kl
n
Vi, od, k,1 (45)

= S = Si+ (5 e
od k

+E§;""”‘”/np) / Tu Vi, 0d, k1w (46)

ZSIWZ

III. SOLUTION OF THE PROPOSED MODEL
A. Bi-Level Programming Reformulation

To transform the bi-level programming problem into a
single-level problem, the KKT conditions are adopted to refor-
mulate the inner-level of the proposed optimization model. The
reformulated model contains primal feasible conditions, dual
feasible conditions and complementary slackness conditions.
The primal feasible conditions are proposed in Section II-D,
which include the energy demand constraints (38)—(44) and the
coupling constraints (45)—(46). Taking FC as the example, the
dual feasible condition is stated as (47). The complementary
slackness conditions are stated as (48)—(55).

tod t,od
y s - T

+ ("fil + l’f’,z)/(mrTu) =0,
Vt,od, k, 1

365(PRy + PR;,W/PF)

todkl
fS

t,0d,k,1
+‘L'f7

(47)
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0< ZZ( ERotkl ’”"“)}uff‘;‘%o vt, 0d, k, 1
(48)

0< Etod ZZ( todkl todkl>i|J_;gd_0’
Vi, od k.1 (49)
5(225’“’“) L>0, Vi, 0d, k1 (50)

0= <n{.pPFTu -3 E;~0d~"”> Lty >0, Vt,0d, k1
od k

(5D
0 < Bt 1ef et = 0, Vi, 0d, k, 1 >2)
. okl
05365/3;:[22520 ZZZZ( ’
t od I ood k
+E£iOd’kJ)]J_tf,6, Vi, 0d, k1 2

0= (Ep*! = Mpthlsy ) Lot 945! > 0, i, od. k1 (54)

where rzfl -rlft ;’d are the dual variables of EDA constraints;
o

vf 1’ f2’ Vi1 ph . 2 are the dual variables of power balance
constraints.

B. Linearization of Complementary Slackness Conditions

The big-M approach is adopted to linearize the bi-linear
terms in the complementary slackness conditions. Taking con-
straint (48) as an example, the linearized constraints of it are
stated as (55)—(56).

O<ZZ< ghodkl 4

0< ’fd (1=efi)om Ve od k1

’Od*"*l) e 8y, Vt,0d. k.1 (55)

1 (56)
where & ld is the auxiliary variable for linearization of
complementary slackness conditions.

C. Linearization of Outer-Level Objective

t,od k1 t,od,k,l
In the proposed model, E , E;

, PR}, , PR}, are
variables so there exist bi- lmear terms E}’”d’k’[PR;-

EEZ’Od’k’lPRi) in the reformulated single-level problem. We

adopted the McCormick relaxation approach to linearize these

and

bi-linear terms. We introduce auxiliary variables Bi/f od k1
and BI;*"*' to replace the bi-linear terms E}‘Od‘k’ PR,

and E;”d k’[PRb respectively, which are stated as (57)—(58).
Meanwhile, constraint (9) is reformulated as (59). Taking
auxiliary variable B4R ag the example, the additional con-
straints on the McCormick relaxation approach are stated
as (60)—(63).

BIp*H! = BN PRY, Vi 0d K, | 57)
BIS*R! = ELOUIpRE y od k1 (58)
o =365 30303 3 (Bl + B1).
t od k I
Vt, od, k, 1 (59)

BI" > PRI ERYM vt od k. 1 (60)
BIf’.’”d’k’l > wpPrT, PR + PRMFE;"’"”"I
— upPrT PR, vt 0d, k.1 ©1)
BI;’”d’k’l < PRMFE;’Od'k L Yt od, k1 (62)
Blt,od,k,l< P TPR[ +PRt Etod,k,l
f = UpLFly F pmf
— upPpT PR, Vt,0d. k, 1 (63)

D. Linearization of Nodal Voltage Constraints

When combining (30) with (32) and (33), (30) will be
reformulated as (64), which contains nonlinear term P’ P dMe
We introduce auxiliary variables UP;, to replace the term
PZSMﬁn- Then we adopted the big-M approach to linearize
constraint (64) and reformulate it as (65)—(67).

Uta = Unts = | Piir, + Q4fat, + (1%, = &, P,

+ (e, —x,) 00 pn]/UN, Vi,e,a,b (64)

Ut,a—Ut,b—[ o’ or+Q;;1€er+( —re )UPte
+ (38, = X6 )M, | /UN. Vi eca b (65)
0<UP, < Pad, Vt, e (66)
Phe — (1 - Mf,n)sM < UPye < MSy8u, Vi,e (67)

E. Linearization of Nodal Voltage Constraints

The McCormick relaxation can lead to inaccurate approx-
imate solutions during model solving. In order to pro-
vide tighter valid bounds to the relaxed optimal problem
solving step, an OBBT-SBT-based approach that combines
optimization-based bound tightening (OBBT) with sequential
bound tightening (SBT) is employed [32]. Firstly, the OBBT
method is employed to derive the valid bounds of variables.
Based on the results of OBBT, the SBT method is employed
to further tighten the relaxation.

1) OBBT Method: We first employ the OBBT method to
improve the bounds of the relaxed optimal problem. Defining
Bl and Bf as the upper/lower bound set of variables at
the ith iteration. There are two models for the upper/lower
bound of the OBBT method, and the objectives of which
are stated as (68) and (69), respectively. ¢ in the added con-
straint (70) represents a local feasible solution of the original
bi-level problem:

F,: min B, (68)
F;: min B; (69)
st Iy — Cop — Cimy - [(L+ )Y — 1]/ay? = (70)
(9)-(67)

The solving process of the OBBT method is presented in
Algorithm 1. In line 1, the tolerance values of upper/lower
bound (tv,, tv;), original upper/lower bounds (Bg, B?) are
input. The ending condition of the iteration in lines 3-7 is
that the /°° norms between two adjacent iteration results less
than the tolerance values. In line 4, the ith iteration results
are drawn through F, and Fj. In line 5, the upper and lower
bounds of i — 1th iteration and ith iteration are compared and
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Algorithm 1 OBBT Method

1: input: rv,, tv, Bg, B?

2: initialize: i = 1

33 while (B, — B[, < tvu)&&(HB‘ BT, <)
4: (B, = Fu(Bi)), [B]] = Fi(B]™")

5: Bfl = mln(Bu, B’u l), B’ = max (B, Bf_l)

6: i=i+1

7. end

Algorithm 2 SBT Method

1. input: nv, {(Y/}_,, BY,, BY,

2: initialize: j = 1

3: while TR; < tvg

4: (Bl = FoBy'. Bl ,
5: By = (1+ y)Bly, B, = (1 — ¥/)Bly,
6: j=j+1

7: end

e0o the tighter bounds are assigned to BL and B;. The proofs of
10 parallelizability and convergence are shown in [33].

61 2) SBT Method: Based on the results of the OBBT method,
2 we adopted the SBT method to further improve the tightness
s of bounds [32], which is presented in Algorithm 2.

sa  Defining B}, and B]sl as the upper/lower bound sets of vari-
s ables at the jth iteration. The original upper/lower bounds
s after tightening with OBBT method (BY,, B ) the conver-
17 gence tolerance (fvs) and a decreasing sequence ({W}J D
e1s are input in line 1. Lines 3-7 represent the iteration func—
o tion, and the ending condition is that the tightness value
s20 Of relaxation (7R;) is not greater than the convergence tol-
e21 erance ;. The TR; is measured as the absolute value of
e22 the difference between the actual variables and the auxiliary
e23 variables, which is denoted in (71). The F, represents the
24 optimal problem after dealing with the linearizing processes
e2s in chapters 3.1-3.4. The current bound of the jth iteration
626 (B’CL,) is worked out based on the upper and lower bounds
e of j — Ith iteration (Bl ', B’ "). Finally, the upper and
e2s lower bounds of jth iteration (B’m, B ') are updated based on
620 the B]w

. TR — Izzzz( todkl_’_BIttifodkl E;;dklPR’

6

6

6

6

6

6!

@

- _E" ”d"’PRD) /(E;;’d"’PR’ +Ej;§d”"lPR§)) ,
- Vi.od, k.l (1)
633 IV. CASE STUDY

e3¢ In this section, we apply the proposed market-based coordi-
e3s nated planning method to the 21 power nodes-12 traffic nodes
ess network (P21-T12 network) and the 54 power nodes-25 traf-
e37 fic nodes network (P54-T25 network). The parameter settings
ess are listed in Table I [28], [29], [30], [31]. The time-of-use
ss9 (TOU) electricity price is adopted to simulate the fluctuation
ss0 Of electricity price [39], [40]. The baseload curve and the traf-
es1 fic demand curve are represented as per-unit values, which
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TABLE I
PARAMETER SETTINGS

Param. Val. Param. Val. Param. Val.
a 0.05 My AMW PRy 1x10° $
4
y 20 s 4MWh PR, 810
$S'MW
1.2x10°
E, 22.5kWh - 0.8 PR,
o $/MWh
T, 1h e 0.8 PR,; 1.58/h
P/ Py 41‘(‘@0 Uy 10kV PR, 83%h
nelme 09/09 | Un/Usy 9'51(/{10‘5 PR, 3x10°$
92
T 0099/ PR, 1.63x105$ | PRy, 208/h
A 0.6 PRy 5x10* $ Br 0.1$/kWh
Hp 400 PR, 4x10°$ EC, 100 kWh
1 1
0.9 0.9
0.8 0.8 ~
=
~0.7 07 &
206 0.6 T
i o
505 05 £
Zoa 047
0.3 03§
0.2 02 F

0.1

e
-

=)

12345678 9101112131415161718192021222324

Time (h)

Fig. 4. Baseload curve and traffic demand curve.

are shown in Fig. 4 [22]. The reference values of which are
the installation capacities of each power node. In order to
reflect the influence of environmental factors on PVs output
power, eight typical scenarios of PVs output power [37] are
proposed in this paper according to the difference of seasons
(spring, summer, autumn and winter) and light intensity (high
radiation, low radiation), as shown in Fig. 5(a) and Fig. 5(b).
Fig. 5(a) is the PV daily output power curve of high radia-
tion days, while Fig. 5(b) is the PVs daily output power curve
of low radiation days. According to historical data [38], the
summer, autumn
and winter was selected as 22, 25, 19 and 13 respectively.
The simulation cases are operated based on the MATLAB
2019a platform in CPLEX with Intel Core i7-9750H, 32 GB
of memory.

number of high radiation days in spring,

A. Case Studies Based on P21-T12 Network

The 21 power nodes-12 traffic nodes network (P21-T12
network) is adopted in this Section [14]. It consists of twenty-
one power nodes, twelve traffic nodes and twelve traffic roads.
There are eight connection nodes between power network
and traffic network, which make the network coupled. In this
network, road T4-T8 belongs to the urban area when other
roads belong to suburban areas. In this paper, there is no
restriction on the construction area of FCSs and DWCSs. They
are allowed to be constructed in urban or suburban areas. The
topology of it is shown in Fig. 6. In this section, we adopt
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—t=Summer
Winter

—s=Spring
== Autumn

i

12345678 9101112131415161718192021222324
Time (h)

0.00 “
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Fig. 5. PV daily output power curves of different seasons.
P5 P4(T1) P2(T2)
P At *
/71 1N
vl 1N
P7(T3)! T4 P16(T5)!  “\T6
o1 - ——pg - — == $---9
] i I p3 |
* L 1| S PI3—p1 S
I " | P19(T10)
A P T < L)) it
™™, | (I8) (L9 ,
N I P15 A5
PL(TINNY T 5
P14 P18 b
P17 P20

Y Substations
= = = Roads of traffic network
Links of power network

o Intersections of traffic network
Buses of power network
® Connection nodes between PN/ TN

Fig. 6. Topology of P21-T12 network.

three cases based on the P21-T12 network, which are shown
as follows: in Case 1, install both FCSs and DWCSs in the
P21-T12 network and set both the maximum numbers of FCSs
and DWCSs as five; in Case 2, only install FCSs in the P21-
T12 network and set the maximum number of FCSs as five;
in Case 3, only install DWCSs in the P21-T12 network and
set the maximum number of DWCSs as five. The number of
EV trips in these cases is 5 x 10*. The size of the EV batteries
is 75kWh.

According to the proposed planning method, the sites of
FCSs, DWCSs and additional power cables of Case 1 are
shown in Fig. 7(a). As the comparison cases, Case 2 and
Case 3 are also simulated based on the P21-T12 network. The
sites of FCSs, DWCSs and additional power cables of Case 2
and Case 3 are shown in Fig. 7(b) and Fig. 7(c), respectively.

The detailed planning results of the above cases are listed in
Table II. In Table II, Px-Ty1-Ty2(a, b, c) and Px-Ty1-Ty2(b, c)
represent the FCS and DWCS planning results, respectively.
Px is the corresponding power network node of the road

9
P5 P4(T1) P2(T2)
A ———— ]
2 N
741 N
P7(T3)l T4 P16(T5)! N T6
P i siuiiite < Joiuinini #--=%
| |
P10 : P13 - P3 |
] : i| P19(TI0)
T";:\ I 2 PTCT T)) al
N P15 1 7
P11(T1H! 17
e OT12
P14 P18
P17 P20
(a) Case 1: Install both FCSs and DWCSs.
P5 P4(T1) P2(T2)
P ———— )
7 |\ | \\
Iy N
P7(T3)1T4 P16(T5)! NT6
s1 —¢ - - -Q-—=—pg-— = y - -
I T 1 |
P10 : P13 - P3 X
| : 1| P19(Ti0)
@ -~ =@ 55 T) s -~ A
™. P12(TS) PS(T9) | 7
o P15 4
P11(T11) ! 7
(_)\* ___________ oT12
P14 P18
P17 P20
(b) Case 2: Only install FCSs.
P5 P4(T1) P2(T2)
v, Sttt 8
s 1 [} \\
7 H RN
P7(T3)! T4 P16(TS)
al* s ' I #---9
I i | |
P10 : P13 -~ P3 X
| : “BE || P19(T10)
197\ PPi3TH) IO
N P15 1
I |
EEETOTVN e — £
P14 P18
P17 P20

(c) Case 3: Only install DWCSs.

=== Roads installed with both FCSs /DWCSs === Links installed with added cables
=== Roads installed with DWCSs === Roads installed with FCSs

Fig. 7. FCSs/DWCSs siting and power cables expansion results of Case 1-3.

TABLE 11
DETAILED PLANNING RESULTS BASED ON P21-T12 NETWORK

Planning results

P4-T1-T2(140,4,4); P16-T5-T6(140,4,4); P11-

Cose | FCSs T11-T12(130,3,3)
DWCSs P12-T8-T4(0,0); P19-T10-T12(0,0)
Power lines S1-P10; S1-P11
P7-T3-T1(240,6,6); P4-T1-T2(200,5,5); P16-T5-
Case FCSs T9(200,5,5); P11-T11-T8(240,6,6); P19-T10-
T12(120,3,3)
Power lines S1-P7; S1-P10; S1-P11
P16-T5-T2(0,0); P12-T8-T4(0,0); P8-T9-

Case3  DWESs T12(0,0); P12-T8-T9(0,0)

Power lines

S1-P10; S1-P11

planned with FCS (DWCS); Tyl and Ty2 are the side nodes
of roads; a, b, ¢ are the numbers of charging piles, PV (unit
capacity: 100 kW), and ESS (unit capacity: 100 kWh).

In Fig. 7(a), the only two DWCSs are installed on T4-T8
and T9-T12. In Fig. 7(c), T4-T8 is also installed with DWCS.
It is because that urban roads are more suitable for DWCS: the
traffic flow of urban roads is larger, which can provide larger
DWC energy demands. Meanwhile, DWCS has the character
of saving land costs, the high land price in urban areas has
little impact on its investment cost.

687

688

690

691

692

6!

©

3

694

695

696



697

698

699

700

70

702

703

704

705

706

707

708

709

710

7

712

713

714

715

716

77

718

719

720

721

722

723

724

72!

o

726

Total energy demand
#FC energy demand
EDWC energy d d

Average total energy
d d per hour

Average FC
energy demand
per hour

25 |Average DWC energy
demand per hour

Eenergy demand (MWh)

0
1234567 8 91011121314151617 18192021 2223 24
Time (h)

Fig. 8. Energy demand of Case 1.

TABLE III
ECONOMIC RESULTS BASED ON P21-T12 NETWORK

Case 1 Case 2 Case 3
Cin /$ (annual) 1.79x10°  2.15x10°  2.32x10°
Con /% 2.74x10° 2.39x10° 2.78x10°
C, /$ 9.59x10° 5.45x10° 1.07x107
Lu /$ 2.15x107 1.87x107 2.05x107

C. /% 1.73x107 3.16x107 0
C, /% 2.83x10° 5.60x10° 425%x10°
Charging payoff /$ 4.54x10°  3.11x10°  4.54x10°
Users' charging costs /$ ~ 3.88x107  5.03x10’ 2.05x107

Fig. 8 shows the energy demand of Case 1. In Fig. 8, the
energy demand of DWC fluctuates more violently with traffic
demand than that of FCS, which means DWC energy demand
is influenced more by traffic demand. The average hourly
energy demand is 16.17 MWh. Within it, the energy demand
proportion of FC and DWC are 55.91% and 44.09%, indi-
cating that EV owners generally have the same dependence
on FC and DWC in this scenario. During the peak periods
(8 am. to 12 am. and 4 p.m. to § p.m.), the energy demand
of DWC is higher than that of FC. During the off-peak peri-
ods, the energy demand of FC is significantly higher than that
of DWC. In general, the ratio of FC to DWC energy demand
decreases with the increase of total charging energy demand.
During peak hours, the traffic flow on urban roads is greater
and DWCSs are mainly constructed in urban areas, so DWCSs
have higher charging energy demand during peak hours, while
the case is on the contrary during off-peak hours.

The economic results are shown in Table III. The planning
scheme of Case 1 is the most economical one to charging
service provider, while that of Case 3 is the friendliest one
to EV users. In the aspect of penalty costs, the penalty costs
of Case 3 are almost about twice as much as that of Case 1.
It means that the advantage of Case 3 in EV users charging
costs is based on far lower energy demand which is satisfied.

In the aspect of charging service provider, the charging ser-
vice provider’s charging payoff in Case 2 is dramatically lower
than that in Case 1, which means Case 1 can meet more
energy demand and is more economical. It is mainly because
that installing FCSs in urban areas is avoided for the sack of
land costs, the possible high energy demand in urban areas

IEEE TRANSACTIONS ON SMART GRID

T1 ™ oT6
_____ R
P20 L o ;
’ S ‘\\\* P3/I
T2 Py 7 3
por Bl @ P2 S | M TI2
! S e _ ~ e .-
-7 ~--3¢--p5 T /0
P18 , P17~ 7 P23 P24 PZ i | h \\
- - Ry
¢ 70 e P py P26 0 °] 2 s
P o1 ! Pl0_-"p2s pg ' P8
/% / - P35,/ (Tl6)’
4 > P31~ P33 P34 (T1 ).-/ ______
' P30, 0.7 e H
T”‘“‘JI??)I P QI p P36 1
\\ ,‘_of:. P39 ) P b par ! s3
P296 P43 S-P38 77 pi6 |
Tlo\‘*:"'l:;s""":::ﬁ}\ psg P47 P42 1 Pag
b P44 -~ P15~T19) !
P13© ~ Pl ¢ A b
J@m===="3%p \ /T17
- &7 P11 N e
=" P12 S~ 11 N
T22 & (T14) oL __ P14 . //d
23~ il p b P PN v~ b% P49
~o . T25 o 20
T24 ~©

% Substations
= = = Roads of traffic network
Links of power network

o Intersections of traffic network
Buses of power network
® Connection nodes between PN/TN

Fig. 9. Topology of P54-T25 network.

is abandoned in Case 2, which can significantly reduce the
charging income.

When comparing Case 1 with Case 3, a similar conclusion
can be drawn. It is mainly because that the investment costs
of DWCSs are more expensive than FCSs in some suburban
areas when meeting the same quantity of energy demand. In
the aspect of EV users, the charging costs of Case 3 are lowest
while that of Case 2 is the highest. It is mainly because that it
takes time to charge when using FC but DWCSs do not take
extra time of EV users.

According to the analysis above, installing DWCSs in urban
areas can capture the high energy demand in these areas and
save the massive land costs; installing FCSs in suburban areas
can satisfy the energy demand of these areas and cost far fewer
investment costs of devices than DWCSs. Coordinated plan-
ning has the advantages of meeting more energy demand and
being more economical.

B. Case Studies Based on P54-T25 Network

The 54 power nodes-25 traffic nodes network (P54-T25
network) is adopted in this Section [14]. It consists of fifty-four
power nodes, twenty-five traffic nodes and twenty traffic roads.
There are seven connection nodes between power network
and traffic network, which make the network coupled. In this
network, roads T5-T6, T6-T7, T7-T11, T7-T12 and T11-T12
belong to the urban areas when other roads belong to suburban
areas. The topology of it is shown in Fig. 9.

In this section, we work out three cases based on the P54-
T25 network, which are shown as follows: in Case 4, install
both FCSs and DWCSs in the P54-T25 network and set both
the maximum numbers of FCSs and DWCSs as ten; in Case 5,
only install FCSs in the P54-T25 network and set the max-
imum number of FCSs as twenty; in Case 6, only install
DWCSs in the P54-T25 network and set the maximum num-
ber of DWCSs as twenty. The number of EV trips in these
cases is 1 x 10°. The size of the EV batteries is 75kWh.
It should be noted that this paper focuses on the impact of
the proposed planning method on charging service provider
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TABLE IV
DETAILED PLANNING RESULTS BASED ON P54-T25 NETWORK

Planning results
P9-T4-T3(170,10,7); P9-T4-T5(140,7,6); P9-T4-
T9(90,12,8); P30-T8-T9(100,10,8); P30-T8-
T13(160,20,9); P12-T14-T10(160,19,7); P12-
T14-T13(120,5,5); P46-T19-T13(160,20,8); P46-
T19-T17(160,18,10); P46-T19-T20(160,15,9)
P4-T7-T4(22,10); P4-T7-T5(40,8); P4-T7-
T11(26,10); P4-T7-T12(40,9);P30-T8-T10(28,9)
S1-P1; S1-P3; P1-P9; P3-P4; S2-P14; P14-P46;
S4-P30
P3-T7-T4(120,10,15); P4-T7-T8(60,10,5); P9-T4-
T2(160,16,8); P9-T4-T4(130,14,10); P9-T4-
T5(50,8,6); P9-T4-T8(160,20,24); P9-T4-
T9(80,12,17); P12-T14-T10(100,15,3); P12-T14-
T13(160,22,5); P12-T14-T21(120,20,7); P12-T14-
T22(180,19,4); P30-T8-T9(180,27,10); P30-T8-
T10(110,20,7); P30-T8-T13(180,24,10); P30-T8-
T11(160,14,16); P35-T11-T13(120,5,5); P46-T19-
T13(210,23,9); P46-T19-T14(160,14,8); P46-
T19-T17(170,26,14); P46-T19-T20(140,25,9)
S1-P1; P1-P9; S1-P3; P3-P4;S2-P11; P11-P12;
S2-P14; P14-P46; S4-P30
P4-T7-T6(12,15); PA-T7-T11(22,16); P9-T4-
T7(18,12); P9-T4-T8(26,10); P30-T8-T9(10,8);
P12-T14-T13(30,6); P12-T14-T19(24,8); P30-T8-
T10(26,9); P30-T8-T13(19,7); P35-T11-
T16(40,0); P35-T11-T13(20,14); P35-T11-
T12(18,12)

S1-P1; P1-P9; S1-P3; P3-P4; S2-P11; P11-P12;
S3-P36; P36-P35; S4-P30

FCSs

Case 4

DWCSs

Power lines

FCSs
Case 5

Power lines

DWCSs
Case 6

Power lines

and EV user group, and does not consider the impact of the
planning scheme on other social entities.

According to the proposed market-based coordinated plan-
ning method, the planning sites of FCSs, DWCSs and addi-
tional power cables of Case 4 are shown in Fig. 10(a). As
the comparison cases, Case 5 and Case 6 are also simulated
based on the P54-T25 network. The planning sites of FCSs,
DWCSs and additional power cables of Case 5 and Case 6 are
shown in Fig. 10(b) and Fig. 10(c), respectively. The detailed
planning results of the cases are listed in Table IV.

The planning sites of FCSs and DWCSs in the P54-T25
network are similar to those in the P21-T12 network. In
Fig. 10(a), all the ten FCSs are installed in suburban areas,
and three of the five DWCSs are installed in urban areas. In
Fig. 10(b), there are twenty FCSs are installed in the network.
Even in the condition that the number of FCSs reaches the
upper limit, there is still no FCS installed in the urban area
due to the high land costs. On the contrary, there are three
urban roads installed with DWCSs. It indicates that DWCSs
are more economical than FCSs in urban areas. In the aspect
of power cables expansion, all three cases expand the power
cables very concentrated. It is because that most of the roads
installed with FCSs or DWCSs are connected to P4, P7, P12,
P19 and P30. The concentration of charging load can help to
reduce the number of power cables that need to be expanded,
thus reducing investment costs.

Fig. 11 shows the energy demand of Case 4, according to
it, the average hourly charging energy demand in a typical day
of Case 4 is 30.05SMWh; the energy demand of FC and DWC
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(c) Case 9: Only install DWCSs.
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Fig. 10. FCSs/DWCSs siting and power cables expansion results of Case 4-6.

are 17.75MWh and 12.30MWh, respectively, accounting for
59.06% and 40.94% of the total energy demand. Compared
with Case 1, the proportion of FC energy demand in Case 4
is significantly higher. As shown in Fig. 10(a), the number of
FCSs is far more than DWCSs. It indicates that EV users have
greater reliance on FC in a bigger network.

The economic results are shown in Table V. Case 4-
Case 6 simulate the scene that the energy demand is much
larger than the charging service resources. In this scene, the
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Fig. 11. Energy demand of Case 4.

TABLE V
EcoNOMIC RESULTS BASED ON P54-T25 NETWORK

Case 4 Case 5 Case 6
Ci» /$ (annual) 7.99x10° 1.27x107 9.02x10°
Con /8 8.31x10° 8.10x10° 8.54x10°
C, /$ 2.36x107 1.27x107 3.01x107
Iy /$ 5.24x107 4.46x107 5.62x107
Ce. /% 7.18x107 1.11x10% 0
C, /$ 6.10x10° 6.31x10° 6.61x10°
Charging payoff /$ 6.40x10°  4.79x10°  1.93x10°
Users' charging costs /$  1.24x10* 1.57x108  5.62x107
TABLE VI

COMPUTING TIME OF THE PLANNING METHODS BASED ON EDA AND TA

Case 1 Case 4 Case 7 Case 8
Networks P21-T12 P54-T25 P21-T12 P54-T25
Methods Based on Based on Based on Based on
EDA EDA TA TA
Computing 1210t 1.89x10'  201x10°  3.94x10°
ime/ s
Charging 4 510106 640x10°  411x10°  5.36x10°
payoff /$
Users'
charging 3.88x107 1.24x10% 4.07x107 1.27x108
costs /$

penalty costs of Case 4-Case 6 are close, but the charging pay-
off of Case 4 is much greater than that of Case 5 and Case 6.
It means that in the extreme scenes with a huge energy gap,
the proposed method is still economical.

In order to further validate the effectiveness of the proposed
planning method, we construct case 7 and case 8 to compare
with case 1 and case 4 respectively. Both case 7 and case 8
adopt the TA model [43], and they are constructed based on
P21-T12 network and P54-T25 network, respectively.

Table VI compares the computing time, charging payoff and
users’ charging costs of case 1, case 4, case 7 and case 8. As
can be seen from the table, when the same planning method
is adopted, a larger network consumes more computing time.
When using the same network, the computing time of the plan-
ning methods based on TA is longer than that of the planning
methods based on EDA, which is due to the large number of
integer variables in TA. It will greatly reduce the calculation
efficiency of the planning method. In terms of economy, for
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cases based on the same network, the application of the EDA-
based planning method will lead to higher charging payoff for
charging service provider and lower users’ charging costs.

V. CONCLUSION

Firstly, a market-based coordinated planning model was
proposed, whose outer-level objective is to maximize the
charging service profit of the charging service provider and
the inner-level objective is to minimize the total charg-
ing cost of the EV users. The siting and sizing plans
of FCSs/DWCSs/PVs/ESSs, the expansion plan of power
network cables and the charging prices of FC and DWC are
the main decision variables of the outer-level problem. The
spatial-temporal distribution of FC and DWC energy demands
are the main decision variables of the inner-level problem.
Secondly, the EDA model is proposed to simulate the distri-
bution of charging energy demand in the inner-level problem,
which avoids integer variables in the traditional TA model, thus
reducing the solving complexity of the bi-level programming
problem. Then the bi-level programming problem is recon-
structed into a single-level programming problem by KKT
condition, and the linearization of the reconstructed problem
was performed by the Big-M method and McCormick relax-
ation method. On this basis, the OBBT-SBT method is used
to tighten the variable boundary, so as to obtain a tighter
boundary. Finally, in the case study, six scenarios based on the
P21-T12 network and the P54-T25 network are used to ver-
ify the effectiveness of the market-based coordinated planning
method. The simulation results show that FCS and DWCS
have significant complementary characteristics in terms of
economy in the case of differentiated land prices, and the
proposed method can make the most of this feature, improve
the charging service profit of charging service provider, and
keep the total charging cost of EV users in a relatively low
range.

In the future research, the research content of this paper can
be used as the basis of the EV charging navigation problem.
EV charging navigation can provide specific charging schemes
for EV individuals, including the selection of charging sta-
tions, charging paths and charging time [35]. Because this
paper mainly studies the planning problem, it does not specif-
ically consider the charging behavior of EV individuals. In
the future research, we will consider the charging behav-
ior characteristics of EV individuals, such as the uncertainty
and bounded rationality of charging time and charging path
selection [36].
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