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Abstract

With the large number of electric vehicles (EV) in charging stations, the power system will face a large amount of charging
demand. It can lead to voltage instability and higher power loss in the electricity distribution network. However, by
constructing EV charging parking lots in suitable places and managing them optimally, we can benefit from the advantage
of using the battery capacity of EVs. This article proposes a mixed-integer linear programming model for locating and
sizing electric vehicle parking lots (EVPL) to maximize the profit of the EVPL owner, taking into account the network
constraints and the voltage stability index (VSI). Moreover, the impact of different travel patterns for EVs on working
days and weekends has also been investigated. The desired model has been implemented in a distribution system with 37
buses, which includes four different areas regarding the type of travel. The results show that the VSI drops in the presence
of EVPLs. However, it can be constrained through optimal location and management of EVPLs.
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1. Introduction

The increasing penetration of electric vehicles (EV) in
urban transportation systems creates challenges in the
distribution network (DN). The increase in load caused by
EV charging has adverse effects, such as reducing voltage
stability, increasing network losses, and reducing system
reliability. Therefore, the network operators are looking to
provide the necessary charging infrastructure, such as
electric vehicle parking lots (EVPL), and improve the
system condition with proper charging management [1-3].
Therefore, determining the location and capacity of
EVPLs is becoming an important issue. Usually, EVs are
parked for a long time during the day. Therefore, EVPLs
can employ vehicle-to-grid (V2G) technology and act as
energy storage to tackle the challenges caused by their
presence in the DN [2-4]. However, locating parking lots
is a complex issue that should be considered
comprehensively and from different perspectives, such as
transportation networks, distribution networks, EV
owners, and EVPL owners. So far, much research has
been proposed to determine the optimal location and size
of EVPLs. In [1], a multi-objective optimization model
has been formulated to find the optimal location of EVPLs
and reinforcement of the DN, regarding the requirements
of EV owners, EVPL investors, and distribution system
operators (DSO). Some researchers have proposed a two-
step method for allocating EVPLs [5], or EVPLs and
distributed generations (DG) [6] in the DN. The planning
objective is optimized in the first stage, while the
operation decisions such as minimizing power loss or
voltage deviation are made in the second stage. In [7,8],
the charging and discharging of EVs have been managed
in two stages to maximize the profits of the EV owners
and the charging station (CS) operator. The output of the
first stage is the optimal CS demand. Then, the optimal
location of the CS is determined to minimize power loss
and voltage deviation, while maximizing the voltage
stability index (VSI) in the second stage. However, the

proposed model is non-linear because of the index defined
for voltage stability. Reference [9] considers user
behavior uncertainty in a two-stage stochastic
programming model. The first stage deals with planning
decisions on the location and size of PLs. In the second
stage, the performance of the proposed PL system is
evaluated under the realization of different scenarios of
EV owners' behavior. In [10], a dynamic planning method
is presented for optimally determining the location,
capacity, and time of construction and development of
EVPLs to minimize the time and energy required to reach
the stations. Other articles also discuss the location and
capacity of EVPLs with objectives such as reducing losses
[6,11,12], improving reliability [12], maximizing the
profit of PLs combined with reducing losses and
increasing reliability [13, 14], minimizing bus voltage
deviation [5, 7, 15, 16], increasing the welfare of EV
owners [2,17] and maximizing the profit of the DSO [2,
18]. However, the charging pattern of EVs has not been
optimized in [6, 12]. In [11, 14], the charging pattern and
the optimal location of EVPLs are determined in separate
optimization processes, which can lead to non-optimal
solutions for the network and EV owners.

While many studies have explored the impact of CSs on
DNs, they have not investigated the impact of increased
load resulting from EV charging demand on voltage
stability through the mixed-integer linear programming
(MILP) model. Some articles have considered voltage
stability in other fields, such as charge and discharge
management, but do not locate CSs. Reference [19]
presents a non-linear model based on a genetic algorithm
to determine the appropriate charging and discharging
schedule for a CS. Then, suitable locations for CSs are
determined to reduce energy loss and improve voltage
stability regarding the reactive power of the inverter.

This paper proposes a MILP model for determining the
optimal location and size of EVPLs. To obtain more
realistic results, we consider a multi-area transportation
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network and different travel patterns for the movement of
EVs between areas on weekdays and weekends. The
proposed model aims to maximize the profits of EVPL
owners while a linearized index of voltage stability is
employed to limit the negative impact of EVPL on DN
performance. The difference between this article and
previous articles, such as [5], is that the location and
capacity of EVPLs and the power exchange with the grid
are obtained simultaneously. Therefore, the power
exchange of EVPLs is determined, taking into account the
DN constraints, and the feasibility of the solution is
guaranteed. Also, the difference between the work of this
article and references [20, 21] is that the travel pattern of
EVs is separated for weekends and working days. Also, a
linearized VSI is employed in the proposed model. In
general, the innovation of this article is as follows:

* Considering the voltage stability index as a constraint in
the planning problem.

* Introducing a linearized formulation for the VSI in the
optimization model.

* Regarding different EV travel patterns for working days
and weekends.

The rest of this paper is organized as follows. Section 2
introduces the general framework of the problem and its
mathematical model. Section 3 is devoted to analyzing the
simulation results. Finally, section 4 concludes the results.

2. Model definition
2.1.  Model Assumptions

According to Figure (1), we assume that the urban area
includes four zones of residential, commercial, industrial,
and complex (combination of residential, commercial, and
industrial usage) based on the purposes of vehicle travel.
We consider three categories for EV daily travels:
category 1 includes trips from the residential area to the
commercial area, which includes going back and forth
from home to shopping centers. Category 2 accounts for
trips from the residential area to the industrial area based
on the working hours of the industrial centers. Category 3
includes trips from the residential area to the complex area
and vice versa. We also assume that there may be travels
outside the urban area designated as the external area. In
addition, vehicles may also travel from the external area
to the internal area [21]. Patterns of the trips can be
extracted from historical data.

It is assumed that there is no limit on the number of
charging points in the zones. Therefore, all the EVs
entering each zone can be placed in the EVPLs. The
number of EVs entering/departing each area on working
days and weekends and their total battery capacity can be
estimated based on statistical studies. The charging tariff
is lower than the hourly price of the energy market to
encourage EV owners to attend the EVPLs. Also, EV
owners who participate in the V2G program are paid for
their battery depreciation.

EVs in the residential area can be charged through home
chargers, and their charging demand is proportionally
allocated to the buses in the residential zone. We assume
that EVs leave the residential area with an average charge
level of 50%.

2.2. Mathematical model
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In this section, a MILP model is proposed to determine the
optimal location and capacity of EVPLs. A part of this
formulation is inspired by reference [21]. However, the
model is extended by incorporating the linearized VSI and
different travel patterns.

To the outside of the area

Zone 2
industrial

To the outside of the area

Zone 3
commercial

Arealto3
and vice versa

residential

Area lto4
and vice versa

complex

s

To the outside of the area To the outside of the area

Fig. 1. Types of EV trips between different areas [21].

2.2.1 Objective function

In this paper, the objective function is to maximize the
annualized profit of the EVPL owner in the planning
horizon. It is the expected income from energy exchange
between the EVPLs and network and EVs in different
travel patterns minus the total cost of EVPLs. As shown
by equation (1), the daily income of EVPLs in the travel
pattern p is multiplied by the number of days during a year
corresponding to that pattern:

.o PL PL
Max profit =%, ¥; ¥ (Nd,. RS ) — ¢ (1)
PL EMI RMI POI .
Rp it — Rp,i,t + Rp,i,t + Rp,i,t v L t (2)
EMI _ _E PL,out PL,in .
Roit =g (Pyi™ = Pyt vVpit 3)
RMI _ R PL,out del __
Rp,i.t - T[p t'repzt +T[pt replt pl.t
del PL _.con del _V2G :
pi,t'FOR T[pt plt pl.t T[pt rep,t,Vp,l,t
“4)
POl _ PL tarif f PL, out del
Ryt = Mp i Ty (szt ptt) Cq +
G2V PL,in Vz(; PL,out
Pplt Pplt Vp,l,t %)

Equation (2) shows the three components of the EVPLs'
income: 1. The income from the energy exchange of
EVPLs with the network; 2. The earnings from the reserve
sale and its deployment during contingencies; 3. The
revenue from the energy exchange with EVs. These
components are calculated with equations (3)-(5)
respectively. Equation (4) states that if the EVPL fails to
deliver the allocated reserve after being called during a
contingency, it will face a penalty based on the hourly
energy price. According to equation (5), EVPL receives a
parking charge from the EV owner based on a fixed tariff
and a charging fee for charging their EV battery.
However, there are payments to the EV owners for the
power purchase from their EV battery in the V2G mode,
plus the battery depreciation cost. The second term of
equation (1) represents the total cost for EVPLs and is
calculated by equation (6). It includes the installation cost
and the cost of increasing network loss. To avoid the
excessive increase of network power loss, we assume that
the EVPL owner is responsible for the incremental cost of
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network losses compared to the initial state of the
network.

cPL = Ziciins + closs (6)
CiinS = Zblbezone(i)(cﬁx ' SigLA ' CRF) + Cl?mr , Vi (7)
CL!]aT = Zblbezone(i)([A - cland 4 Ceq] -CRF +

cMy . nsht4 Vi (8)
SIPLA . psPLAMIn < nPLA < giPLA pPlAMAX g p o (9)
minft <3y siph* <maxf* =234, vb (10)
sipt4 < Canp™ Vb

(11)

Zke(iil) ug,li),k,t < nSgLA v b, bv k! t (12)
NSFE =3, nspit vV b,i (13)

According to equation (7), installing an EVPL requires

fixed and variable costs. The fixed cost is related to the

costs of obtaining the construction permit and the

municipal costs of installing the EVPL. The fixed cost is

multiplied by a binary variable corresponding to each bus,

indicating the selection of the bus for the construction of
the EVPL. In equation (8), the variable cost includes the

purchasing cost of the land required for the EVPL, the cost
of charging equipment, and their maintenance cost, all of
which are proportional to the number of charging points

in the EVPL. According to equations (9) and (10), the

number of charging points in the EVPL of each bus and

the number of EVPL installed in each area are limited

between the minimum and maximum values. Equation (11)
shows the candidacy of a bus for EVPL installation.

According to (12), at any time, the total number of
charging points occupied in each EVPL cannot exceed the

number of installed chargers in that EVPL. Equation (13)

calculates the number of installed chargers in each area.

In equations (7) and (8), CRF is the capital recovery factor

that converts investment cost into annualized cost.

Equation (14) calculates the CRF.

d
CRF = Cara™ 4

Equation (15) calculates the network losses. As shown by
equation (16), the incremental cost of network losses due
to EVPLs is equal to the difference between hourly losses
with and without the presence of EVPLs multiplied by the
hourly energy price in the desired travel pattern.
Linearized AC load flow equations are employed in the
radial DN to calculate the square of the currents for
determining network loss [21].

. 2
loss,: = X R, (lp,u) vVop,t

(15)

closs = Nd,.. %, Ye(loss, — lossy.) - Th, (16)
2.2.2 Mathematical model of the presence of EVs in the
EVPLs

Figures 2 and 3 show the arrival/departure of EVs to/from
each zone and the power exchange of EVs with the
network.
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Fig. 2. Diagram of entering and departure of EVs in EVPLs of
areai [21].
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Fig. 3. Diagram of EV charging/discharging in the EVPLs of area i
[21].

According to equations (17) and (18), the total number of
EVs arriving/departing at/from the EVPLs of each area is
equal to the total number of EVs entering/leaving from/to
other zones and the external area. Equation (19) calculates
the number of EVs in area i based on the number of EVs
in the previous period and the number of incoming and
outgoing ones. As assumed before, all EVs entering each
area can be placed in the EVPLs of that area. Therefore,
equation (20) states that the total number of EVs parked
in the parking charging stations in each bus is equal to the
total number of occupied chargers in that area.

ar,PL __ inEX in,zone .

Mpie = Npiew + XNy jie vpit  (17)
dep,PL __ jzjout,EX out,zone :
pit Np.i,t + ZJ' Np,i,j,t vp it (18)
PL __ PL PL ar,PL _ _ dep,PL

Npit = i,t0|t=1 T ie-1loy T Wit Dt (19)

Zbei Zk uﬁ,,k,t = n;li,t i= 2,3,4 ,Vp, b, k,t (20)
Equations (21) and (22) determine the total state of charge
(SoC) of the EVs that arrived/departed at/from EVPLs of
zone i. Equation (23) calculates the average travel time
from zone i to j according to their distance and the average
speed of EVs. Equation (24) states that an EV that leaves
zone i to j loses some of its SoC when entering the
destination zone [21]. According to equations (25) and
(26), the total SoC of the EVs that enter or exit the area
cannot be greater than their battery capacity.

socg’rifL = SOC;ZEfx +3; socﬁfone vpit (21)
socg’fi‘m =S OCIZZ?EX + 3, soc] }ff’zone Vp, it (22)
a;; =2 Vij (23)
ij

SOy tvay; = S0CoriE e = Nje ™" < Ly -

Pt Vp,ijt (24)
soc;;r’li’j-f’t"e < C;ﬁ’jf’tm Vp,ijt (25)
socy e < Cpiie Vp,ijt (26)

On the other hand, the power exchange between the
EVPLs and the network changes the SoC of EVs.
According to (27), the SoC of the EVPLs of each area at
each period depends on the SoC of the remaining EVs at
the previous hour, the charging and discharging power
regarding the charge and discharge efficiencies, and the
SoC of the EVs arriving/departing the EVPLs. In equation
(28), we assumed that the SoC of the EVs leaving the
EVPLs is proportional to the ratio of the EVs leaving each
area to the total EVs in that area. In equations (29) and
(30), the SoC of the EVs of each travel is considered
proportional to the number of EVs in that travel. Equation
(31) limits the SoC of EVPL to the minimum and
maximum percentage of its total battery capacity.
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According to equation (32), the charging power of the
EVPL is limited by the number of EVs in the EVPL and
their charging rate. In equation (33), the maximum output
power of the EVPL is constrained by the number of EVs,
their discharge rate and a percentage of the EV's SoC that
is determined in advance through a contract between the
EV owners and the EVPL [21].

PN < PE L i=1234, Vp,t (32)
Ppp Lo < min{lPt - nbh s sockt -

ot} (=234, Vpt (33)
Pp}jiLl’tout + rpplLtout < min{l;** -n npk ., socy, -

KPEL =234 ,vpt (34)

Equation (34) states that the total output power and the
scheduled reserve cannot be greater than the discharging
power of the EVPL and a charge level that can be used in
the charging points.

2.2.3 Modeling the effect of EVPLs on the distribution
network

Here, the contribution of the power exchanges of EVPLs
to the demand of load points in the DN is formulated.
Equation (35) indicates that the input power to zone i for
charging EVs is equal to the sum of the input power to
EVPLs installed at buses in that area. Equation (36)
expresses the same concept for the output power of zone
i. Based on equations (37) and (38), the input/output
power to/from the EVPL installed at bus b is less than or
equal to the number of occupied charging points in that
EVPL multiplied by their maximum charging/discharge
rate. In the first zone (residential zone), the V2G feature
is not assumed for home chargers. Therefore, the
discharging power for this zone is zero, as stated by
equation (39).

Pﬁ &= Yplbezone(i) P,,LA " i=234,vp,t (35
z};LL ?ut ZbIbEzone(L) P:ﬁ,ﬁout i=234,vVpt (36)
;;%Atm = MR ugli)kt Vpb,t 37
it ST e uphe VDbt (38)
PL,out

By oy =0 i=1, Vpt (39)

AC load flow equations are employed to calculate line
currents, network losses and bus voltages. Equations (40)
and (41) show the nodal active and reactive power balance
equations. Equation (42) indicates the relation of the
voltage of consecutive buses, which depends on the active
and reactive power flows on the line between them and the
line parameters. Equation (43) calculates the line current
according to the active and reactive power flows and the
voltage of its receiving end. Equations (42) and (43) are
nonlinear. However, they can be linearized through the
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piecewise linear approximation method [5]. Equations (44)
and (45) limit the bus voltages and line currents to their
acceptable range.

Sys,in PLA,out

PLA,in
Ppbt + Dp ot

- —ppi™ — % (phine +

Ri(ire)’) =1Boe  ¥p.bot (40)

s ; . 2

pf;" = % (a2 + Xu(ip1e)”) = aBoe YD,bE (A1)
Vp,b,t - Z(Rl-Plz;,llr.lf + X;. quJllnf) - le : izzJ,l,t =
vp‘b:‘tz Vp,b,t
(42)

2 Line 2
(lp . t) M vp,lt (43)
] ( Upb’, )

vyt S Vppe S v Vp,b,t (44)
- <1 ot = e Vpb,t (45)

An important issue in the allocation of EVPLs is
maintaining the voltage stability of the DN. To address
this concern, the VSI of the DN is formulated and
incorporated into the constraints of the optimization
problem. According to Fig. 4, the VSI for each bus
without and with the presence of EVPL power exchanges
are determined by equations (46) and (47).

b'l Z b
=
Ve v,

Fig. 4. Equivalent circuit of the distribution system for calculation

of VSI [18].
VSl = [Vire|" = 4.[pLe - Ry + qBe - X)) [Vir | -
4.[(p5e) - X1 — age - Rl]z Vbt (46)
VShype = Voonel = 4 [(PBoe + Ppsre™ = ppi™) -
R+ qppe - Xi]. |Vp,br,t|2 — 4. (ppoe + Ppri” —
P Xi=abue RiT Vpbt (47)
Equation (47) is nonlinear. However, linearized

expressions for the quadratic terms are available through
the piecewise linear approximation method [5]. The same
approach can be applied to the quadratic term for
linearizing the fourth-order term of the voltage.
References [22] and [23] introduced an approximative
linearization of the product of two non-binary variables,
as presented in the Appendix. We employed this approach
for linearizing the product of the terms (p. 4™ —

p.b,t
ngtout) and |Vpb,t| through equations (48)-(53).

Therefore, the proposed optimization problem remains an
MILP problem.

Ypbt = (P;Zflém - ;%Atout) R, (48)

|me|2 | ,b',t| < |Vmax|2 Vp bt (49)
—nsp A LPE R < v, R <

nsp 4 LPLR, Vp, bt (50)
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PLA, PLA,out
Zpbt = [(Pp b, tm — Dp, b,tou
R Ve Vp,b,t (51)
Vminz-yp,b,t < Zp,b,t < Vmaxz-yp,b,t v b, b' t (52)

Ymin(b)- Vp,br,t2 < Zp,b,t < ymax(b)- Vp b’ t2 v p' b' t (53)
3. Simulation results

We implemented the proposed model for placing and
scheduling EVPLs in the 37-bus IEEE test system. Figure
5 shows the single-line diagram of this system and the
border of traffic zones[21]. The voltage level of the
network is 4.8 kV, and the peak active and reactive
demand of this network is 2.5 MW and 1.5 MVAR,
respectively. The line impedances are risen by factor 2 to
increase the stress on the DN. We assume that the EVs in
the residential area use 3 kW chargers, while in the EVPLs
of other zones, the 11 kW chargers are used [25,26].
Figures 6 and 7 show the hourly load profile of the system
and the hourly energy and reserve prices. Table I presents
other parameters required for implementing the model.
The arrival of EVs at the zones and their departure are
extracted from reference [20]. We assume that the number
of EVs in each travel is proportional to the total battery
capacity of the EVs in that travel, as illustrated by Fig. 8.
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I“‘,’!‘.Sffi.’,'.
Zone 3 e
Commercial ___------..___J easy ! 14
e a b1 " ~—e 13
5 I ol =4
H 8
3 2
' 9 11
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20 @ 1 > 16 \ 10 12
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"""" 24 22 X
Bg ® Zone 4
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29 @ U926 U Zone 1
i | ........... Residential
28 b 271 "
[7" I A 34
30 I
35
3 32 33
Fig. 5. Slngle line diagram of the IEEE 37-bus test system [21]
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Fig. 6. Hourly load profile [26]
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It is assumed that energy prices in V2G and G2V modes
are 0.02 $/kWh lower than the market price, while the
energy price in contingency conditions (7f°") is 20%
higher than the market price.
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Fig. 7. Hourly market prices of energy and reserve [5].
Table I. Value of parameters in the simulation [20].
Parameter value Parameter value
Ma e 0.9 clana 407 ($/m?)
FOR 0.02 cfx 18000 ($)
socf/mn 0.15 cM 30 ($/year)
S0 CiEV,max 0.90 cel 2000 ($/year)
v™ v ™ 0.9,1.1 (P.U) A 25 (m?)
£ 0.30 Pfret 0.2 (kWh/km)
kF* 0.70 d 0.10
Cq 0.075 ($/kWh) n 5 (year)

Table (II) shows the information used to model different
patterns of EV travel on weekdays and weekends [27]. At
weekends, work trips, Recreation and shopping trips and
all trips have decreased by about 35, 60, and 50 percent,
respectively. Since most vehicle owners make more than
one type of trip during the day, the total participation of
all trips is more than 100%. The optimization problem is
solved in the GAMS environment using the CPLEX
solver.

——a——capacity of exiting vehicles from area | to 2
————capacity of exiting vehicles from area 1 to 3

4 capacity of exiting vehicles from area 1 to 4
capacity of exiting vehicles from area 2 to 1
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1000

800

600

400

200

Vehicle battery capacity (kWh)

x

X .“‘
0 PSS
1 3 5 7 9 1 13 15 17 19 21 23
Time (h)
Fig. 8. Battery capacity of EVs entering and exiting different zones

[20].
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Table II. The share of activities in people's travel during weekdays Table III. location and capacity of EVPLs in different cases
and weekends [27]. . " N
Activity Purpose Participation in ~ Participation in Case Lfo;;i?;]il a.nd ;ap;tcuy E{/O;il c.aszcuy of
weekdays (%) weekends (%) 0 s in the buses s in the zones
Work 826 28.6 B6(91) — B7(95) 12(186)
. Case 1 B2(92) - B3(72) 13(164)
Shopping 59.8 33.0 B21(100) — B22(69) 14(169)
i 26.3 13.2
Personal bgsmess B6(93) — B7(93) 12(186)
Recreation 69.9 44.0 Case2  B2(92)-B3(72) 13(164)
B21(100) — B25(69) 14(169)
The results of the allocation of EVPLs have been Case 3 B6(88) —B7(98) 12(186)
compared in the following cases: B2(89) ~ B3(75) 13(164)
Case 1: without voltage stability constraint and with the B21(84) - B22(85) 14(169)
same tr'aVel. l;lattelin fOr all Wleekdays ) N B6(95) _ B9(91) 12(1 86)
Case 2: with vo tage Stabl lty constraint and the same Case 4 B2(99) _ B3(65) 13(164)
travel patterns for all weekdays. _
. - . . B21(99) — B22(70) 14(169)
Case 3: without voltage stability constraint and with
different travel patterns for weekdays
Case 4: with voltage stability constraint and different
travel patterns for weekdays Table IV. Revenue and cost components (MS$) in different cases.
Table III compares the location and capacity of the EVPLs Casel Case2 Case3 Case4
in the case studies. The VSI of each bus in the four cases R(EMI) 12519 -1.1909 -1.1068 -1.0612

is shown in Fig. 9. According to Fig. 9, in case 1, The VSI
decreases with the presence of parking lots compared to R(RMI) 0.8074 0.7728 0.7182  0.6922
the case where parking lots are not present. However, the R(POI) 59713 59128 5.3077 5.2636
VSI hz?s improved in almost‘all .buses when a ml'nl.mum Total Revenue  5.5268 54946 4.9191 4.8946
value is defined as a constraint in case 2. The minimum

value of VSI in this case is 0.736. In case 3, the VSI on Investment costs  1.7110  1.7110  1.7110  1.7110
working days is similar to case 2 because the EV travel C(loss) 0.0575 0.0542 0.0536 0.0513
pattern on weekdays is the same. Also, the VSI in case 4 C(PL) 17685 17651 17646 1.7622
and on weekends has improved due to the reduction in EV

trips and the consequent decrease of their charging Profit 37583 3.7295 3.1545 3.1324
demand in the EVPLs. Due to the constraint for the

minimum value of VSI, most of the buses in Case 4 have Table V. Capacity of EVPLs in the buses and zone for different
a higher VSI compared with Case 1. Generally speaking, values of minimum VSIL.

the VSI can be improved to a great extent by the

appropriate location of EVPLs and their power exchanges Min VSI | Capacity of EVPLs | Capacity of EVPLs
with the network. Table IV compares the revenue and cost constraint at the buses in cach zones
components for the EVPLs in the four cases. without B6(88), B7(98) 12(186)
According to Table IV, a significant part of EVPL constraint |  B2(89), B3(75) 13(164)
revenues is from the interaction with EV owners. (Case 3) | B21(84), B22(85) 14(169)
However, the profit of the EVPL owner reduces when the B6(99), B7(87) 12(186)

VSI constraint and different EV travel patterns are 0.74 B2(88), B3(76) 13(164)
introduced. The reason is that the EVPLs have to be B21(84), B22(85) 14(169)
constructed in less economical buses to maintain VSI B6(99), B7(87) 12(186)

above its lower bound. Also, fewer EVs will be present in 0.75 B2(97), B3(67) 13(164)

the EVPLs on weekends, which reduces the revenue of B21(98), B22(71) 14(169)
EVPLs. An affecting factor in the proposed model is the 0.76 B6(95), B9(91) 12(186)
minimum requirement of the VSI for each bus. Fig. 10 (Case 4) Bg?gg;’ g;% 2)) E‘gggg
shows the effect of changing the minimum VSI constraint 2

from 0.74 to 0.77 on the VSI of buses. Accordingly, the 0.77 gggg;: ggg% ggggg
optimal location and size of EVPLs are demonstrated in B21(100), 24(69) 14(169)

Table V.
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Fig.9. Minimum value of VSI in each bus in the four cases.

According to Fig. 10, by increasing the minimum VSI
constraint, it is significantly improved in the end buses.
Therefore, applying the appropriate VSI constraint can
prevent voltage instability in the DN. With a higher value
of the minimum VSI requirement, the power exchange
from EVs to the grid increases. Therefore, the cost of
incremental losses and the income from the interaction
between EVPLs and the energy market has increased.
However, the profit of the EVPL owner reduces because
the locations of EVPLs change to places that are less
economical to respond to the restriction caused by the VSI
constraint.
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4. Conclusion

The proposed model can allocate EVPLs by considering
the constraints of the DN and the effects of the
transportation network on the DN. It also takes into
account the VSI and different travel patterns on weekdays.
The results show that with a constraint on the minimum
VSI value, the EVPL owner may have to build EVPLs in
less economical places to improve the VSI. Therefore, the
profit of the investor decreases. Also, by considering a
different pattern for the travel of EVs on weekdays and
weekends, the EVPL profit reduces due to the decrease in
the presence of EVs in EVPLs on weekends.
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Fig. 10. VSI for different minimum constraints.

5. Nomenclature

indices
b Index of buses
i,j Index of zones
k Index of charging points
l Index of lines
p Index of travel patterns on weekdays and weekends
t Index of time
parameters
A Required land to install each charging point (m?)
Cq Depreciation cost of EV battery due to V2G ($)
Chit The battery f:apacity of EVs in pattern p in EVPLs
of area 7 at time ¢
cM, cel Cost of purchase and maintenance of charger ($)
cland Cost of land for installing charging point ($/m?)
cfix Fixed cost for the construction of an EVPL ($)
C;;’??"t”e Battery capacity of EVs that enter from zone i to j in
o pattern p at time ¢ (kWh)
coutzone Battery capacity of EVs that exit from zone i to j in
p.ijt .
pattern p at time ¢ (kWh)
Canf'®  Binary parameter which is 1 if bus b is candidate for
the construction of EVPL.
FORF!Y  Failure probability of EVPL in the area i to deliver
the reserve when being called.
I, Maximum allowed current of line L (P.U)
L Distance between area i and j (km)
minft Minimum number of installed EVPLs in area i
maxft  Minimum number of installed EVPLs in area i
N. ;’ifx Number of EVs arriving from the external area to
" area i at time t in pattern p
N;"L.‘?EX Number of outgoing EVs from area i to the external

area at time t in pattern p

N;’;:Zi"t"" Number of EVs that enter from zone i to j in pattern
o p at time ¢
N ;”i‘;'i"""’ Number of EVs that exit from zone 7 to j in pattern
o p at time ¢
n s{; LAmin Minimum number of chargers that can be installed
in the EVPL of bus b
n 511; LAmax Maximum number of chargers that can be installed
in the EVPL of bus b
Pi’F]?‘el Average energy consumption of EV in traveling
from area i to j (kWh/km)
pg bit Active power demand of bus b in pattern p at time ¢
(kw)
qg‘b’t Reactive power demand of bus b in pattern p at time
t (kW)
Ry p Resistance of the line between buses b and b’ (p.u.)
Xpp' Reactance of the line between buses b and b’ (p.u.)
Zyp' Impedance of the line between buses b and b’ (p.u.)
Sij Average speed of EV in travel from area i to j

(km/h)
sociEV'mi“ Minimum SoC of EV battery in area i (%)

SOCiEV'maX Minimum SoC of EV battery in area i (%)

vy, Max Upper bound of voltage of bus b (p.u.)

v, min Lower bound of voltage of bus b (p.u.)

VSI]E’,t Voltage stability index of bus b in pattern p at time ¢

Na Ne Charging and discharging efficiency of chargers(%)

PL Minimum SoC required by the EV when leaving area

i (kWh)

L Charging and discharging rates of the chargers in
area i (kW)

Kt Utilizable SoC of EVs in EVPL i according to the
contract with EV owners (%)

T[E,t, ng,t Market price of energy and reserve power in pattern
p at time ¢ ($/kWh)

T Energy price during contingencies in pattern p at time
t ($/kWh)

qerariff Parking fee ($/h)
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my10,mpsY Price of buying/selling energy from/to EVs in
pattern p at time ¢ ($/kWh)
Ipe! Probability of EVPL i for being called to deliver
reserve power at time ¢
Variables
cPr Total cost of EVPLs ($)
cins Installation cost of EVPLs in area i ($)
cfoss Cost of energy loss in the network at time # ($)
cfvr Variable construction cost of EVPLs in area i ($)
lossp,; Network Losses in pattern p at time ¢ in presence of
EVPLs (kW)
losspo,:  Initial network losses in pattern p at time ¢ without
the presence of EVPLs (kW)
ng;:’; L Number of EVs arriving at EVPLs of zone i in pattern
p at time t
n4ePPL Number of EVs departing the EVPLs of zone i in
Pt pattern p at time t
npk Number of EVs in the EVPLs of zone i in pattern p
at time t
nshtA Number of chargers in the EVPL of bus
NSPE Total number of chargers in the EVPLs of area i
profitPl  Profit of EVPL owner ($)
psys'in active power input from the upstream network to bus
b b in pattern p at time ¢ (kW)
pattern p
P;l;i,ﬁfb/, ¢«  Active power flow on the line between buses b and
b' in pattern p at time ¢ (kW)
pPLin Input power to EVPLs of zone i in pattern p at time ¢
p.it
(kw)
Pzi L.L"t‘”“ Output power from EVPLs of zone i in pattern p at
time ¢ (kW)
Pzi Lain Input power to EVPL on bus b in pattern p at time ¢
(kw)
prl’ ;'At"’ut output power of EVPL on bus b in pattern p at time ¢
(kW)
qsll’féi” reactive power input from the upstream network to
w bus b in pattern p at time ¢ (kW)
qzlfsz,' .  Reactive power flow on the line between buses b and
b' in pattern p at time ¢ (kW)
re:; %'t"”t Reserve power of EVPL i that is being called in
" pattern p at time 7 (KW)
sockk,  SoC of EVs in EVPLs of zone i in pattern p at time ¢
(kWh)
socﬂf L= SoC of EVs arrived in EVPLs of zone i in pattern p
at time ¢ (kWh)
socg'ei";'P L SpC of EVs departed EVPLs of zone i in pattern p at
time ¢ (kWh)
soc;"i-f" SoC of EVs arrived in zone 7 from the external zone
v in pattern p at time ¢ (kWh)
SOC;,liL,tt'Ex SoC of EVs leaving zone i to the external zone in
pattern p at time ¢ (kWh)
Soc"')"i'i,"t”e SoC of EVs arrived in zone i from zonej in pattern p
" at time ¢ (KWh)
soc;ﬁ’ione SoC of EVs leaving zone i to j in pattern p at time ¢
(kWh)
Socg?;'z"”"’SoC of EVs leaving zone i in pattern p at time ¢
(kWh)
Vobt Voltage of bus b in pattern p at time ¢ (p.u.)
Iple Current of line [ in pattern p at time ¢ (p.u.)
sipta Binary variable which is 1 if bus b is selected to
construct an EVPL
uph . Binary variable which is 1 if charging point & on bus

b is occupied by an EV in pattern p at time
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7. Appendix

7.1. Linear form of the product of two continuous
variables

Assume that the product of two decision variables and y

is z, and the upper and lower bounds for x and y are as

follows:

a-1

a-2

Xmin =x< Xmax
YVmin < y < Ymax

Then it is possible to constrain z by the linear equations
below:

Xmin 'Y SZ = Xypax " Y

Ymin "X £ Z < Yiax " X

a-3
a-4
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