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building charging stations and energy costs. Inevitably, minimizing the voltage deviation from the desired
(reference) value is also considered in the objective function. The constraints of this problem include the
equations of power flow, the restrictions governing electric vehicles and charging stations, and the limitations of
network indicators. The mentioned problem can be described as mixed integer nonlinear programming (MINLP).
Nevertheless, the MINLP optimization problem tends to run very slowly when the dimension of the grid increases
significantly, and that’s why it is unlikely that we obtain an absolute optimal solution. Consequently, a mixed
integer linear programming (MILP) formulation that resembles the main problem is developed. Ultimately, a
distribution network consisting of 69 buses is modeled in GAMS to evaluate the proposed formulation. In the
proposed plan with the appropriate placement of electric vehicle charging stations, initially a favorable economic
cost is obtained for the aforementioned stations. In the following, charging management at the aforementioned
stations has caused the network operation status to improve. When EVs are absent, the maximum voltage drop is
approximately 0.092p.u. and energy losses reach 2.08 MW. In contrast, with EVs present the voltage drop falls to
about 0.037p.u. and energy losses drop to roughly 1.23 MW.

10 min). Hence, charging EVs at charging stations demands a significant
amount of power because of the considerably low charging time. For
example, if the EV’s battery has a capacity of 20 kW, it requires
approximately 120 kW from the upstream network to charge it within
10 min. Therefore, energy management is essential to improve network
indicators in the presence of EVs. In managing EV energy, vehicles
regulate their charging and discharging power to meet network operator
goals (such as reducing energy loss and cost) as well as their own goal of
lowering energy expenses [4,5]. More explicitly, charging stations
should be located at distribution network points that won’t harm the
network indicators as well. So, we expect that the above-mentioned
concerns will be resolved by the optimal placement of EV charging
stations in the distribution network.

Researchers have done numerous works regarding the operation and
planning of EVs. In papers [6,7], an EV charging power management is
developed to diminish charging costs [6] as well as network losses [7].
According to their modeling, EVs only have control over their batteries’
active charging power. Furthermore, based on minimizing the charging
cost of EVs or network losses (which was their objective function) EVs

1. Introduction

Environmental issues and pollution intensification associated with
fossil fuel consumption resulted in the expansion of utilizing novel
technologies, particularly electric vehicles (EVs) [1]. EVs come in
various types; for example, Plug-in Hybrid Electric Vehicles (PHEVs)
connect to the power system to charge their batteries and meet their
energy needs. EVs can be plugged into the grid in various places
including homes, parking lots, and charging stations [2]. Charging EVs
at homes or parking lots takes several hours but if they’re plugged into
charging stations, their charging time decreases to minutes [3]. Note
that EVs connect to the power system between 15:00 and 24:00—peak
hours when many vehicles are online. [4]. If energy management is not
considered for EVs, EVs’ power is supplied from the grid, which raises
the power demand during the peak hours compared with base load
(neglecting EVs). Consequently, voltage level drops and network losses
increase, along with the possibility of overloading the distribution lines
[5]. Moreover, the EV charging time in the charging station is low (e.g.
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Nomenclature ymin Minimum value of the voltage magnitude (p.u.)
Vies Voltage magnitude (p.u.) in slack bus
Indices and Sets Primary energy stored in the EV battery at the moment of
ij Bus indices the EV is connected to the charging station (MWh)
k Index of the linearization part of the circular equation ¥ Efficiency of EVs
ref Slack (reference) Bus s Basic energy price ($/MWh)
t Time index At Charging station energy price ($/MWh)
v Electric vehicle index (EV) et Upstream network energy price ($/MWh)
@b Bus set Aa Angular deviation (radians)
Pk Set of the linearization part of the circular equation .
@ Time set Variables
o Set of EVs PE EV active power (p.u.)
PE EV charging power (p.u.)
Parameters PEdh EV discharge power (p.u.)
AL Matrix of coefficients (if there is a line between i and j PG Transmitted active power of the upstream network (p.u.)
buses, (i,j) entries of this matrix is equal to 1, otherwise it is PL Active power passing through the line (p.u.)
zero) pp Active power of the charging station delivered to the
b Line Susceptance (p.u.) network (p.u.)
cp Cost of building a charging station ($) PPG Total active power of the charging station (produced by
CPy, Base construction cost ($) distributed generation) in p.u.
g Line conductivity (p.u.) px Binary variable to determine charging or discharging
Py Base power (p.u.) status of EVs
PD Active load (p.u.) QG Transmitted reactive power of the upstream network (p.u.)
PE™™ Maximum charge rate (C-rate) of EVs (p.u.) QL Line passing reactive power (p.u.)
QD Reactive load (p.u.) 14 Voltage magnitude (p.u.)
SG™™  Upstream network capacity (p.u.) w Energy stored in EV battery (MWh)
SL™™ Line capacity (p.u.) x Binary variable of charging station construction
Spm Charging station capacity (p.u.) 14 Voltage angle or power angle (radiant)
ymax Maximum value of the voltage magnitude (p.u.) AV Voltage deviation (p.u.)

get their required energy during off-peak hours (1:00 to 8:00). Because
the network safety margin for the voltage and the distribution lines
overloading is appropriate during these hours, charging EVs during this
interval doesn’t affect the grid considerably. In this scenario, many EVs
can be connected to the network. Nevertheless, they can’t enhance the
network indicators at critical moments such as peak load. For this pur-
pose, references [8,9] considered both charging and discharging man-
agement of EVs. In their studies EVs inject power into the grid during
peak hours and absorb power from the grid during off-peak hours.
Active power injection into the grid reduces demand from the upstream
network. Consequently, the voltage profile becomes smoother, and we
observe a loss reduction as well. Also, references [10-12] demonstrate
the presence of EVs along with distributed generations (DGs) in the
power system. According to their discoveries, EVs can play the role of
energy storage for DG. It is like solar cells that normally generate energy
in daytime hours. Thus, EVs receive power from the network during
these hours and deliver it back to the grid during peak hours. Hence
network indicators improve, network reliability increases, and energy
costs are significantly reduced. It is discussed in [13] that when PHEVs
are plugged without having a program for coordinated charging, they
start charging immediately. This uncoordinated power consumption can
become problematic regarding the overload in transformers, causing
casualties to increase. We should consider some economic objectives
when charging these cars, including power loss reduction as well as
preventing overload in transformers and feeders. Coordinated charging
is designed based on reducing losses and increasing the load factor. In
[14] to investigate the effect of charging PHEVs on the distribution
network, four separate charging scenarios are considered. Charging is
uncontrolled in the first and second scenarios, implying that PHEVS start
charging as soon as they arrive at home without considering the
charging limit. In the third and fourth scenarios, smart grids and load
response discussion have been used to control the optimal charging of
PHEVs. In [15], frequency control according to the network restrictions

as well as dynamic changes during the day and PHEVs performance in
vehicle-to-grid (V2G) mode were investigated. Also, it is declared that
efficient frequency control demands a fast telecommunication infra-
structure. An EV charge-discharge optimization (CDO) strategy that
accommodates both grid-side and user-side demands is developed to
mitigate the adverse effects of disordered EV charging on power distri-
bution networks (PDN). To tackle the inaccurate estimation of the
schedulable capacity issue of EVs in existing literature, a high temporal
resolution dynamic spatiotemporal distribution simulation model for
EVs is developed in [16]. Ref. [17] first discusses whether the manu-
facturer should introduce swapping-mode EVs (SEVs) and identifies the
introduction conditions. It also investigates how two construction
modes—manufacturer-construction mode and commission-construction
mode—affect pricing decisions, EV demand, and profits. It then opti-
mizes the government subsidy level to minimize total capital expendi-
ture for a targeted EV adoption level. Reference [18] provides a novel
approach to address uncertainties and enable demand response in EV
charging station optimization. A two-stage optimization strategy is
proposed in [18] that integrates robust optimization and explicit model
predictive control (eMPC).

Recent studies have explored various strategies for optimizing the
placement of EV charging infrastructure, focusing on improving effi-
ciency and minimizing grid impact. In [19], a methodology is proposed
that emphasizes demand-driven placement to reduce range anxiety and
integrates user behavior into infrastructure planning. Apart from this
research, the Trip Success Ratio (TSR) model is introduced to highlight
the significance of driver convenience and diverse trip patterns to pro-
vide a user-centric perspective often overlooked in conventional
methods [20]. Ref [21] advanced the field by incorporating multi-
objective optimization and dynamic pricing models using a modified
multi-objective particle swarm optimization (MOPSO). The proposed
method was used to minimize power loss and voltage deviation coupled
with dynamic price predictions using autoregressive integrated moving
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average (ARIMA) to enhance operator profitability and grid stability. A
Bayesian network model to address qualitative and quantitative factors,
emphasizing sustainability and technical feasibility is also analyzed in
[22]. Lastly, [23] focused on integrating active and reactive power
optimization for charging station placement, presenting an energy-
balancing approach that minimizes losses in the distribution system.
These studies collectively underscore the need for robust optimization
frameworks that integrate user behavior, system constraints, and eco-
nomic factors. This foundation supports our focus on optimal charging
station placement with respect to cost and voltage stability.

In this paper, we propose a novel approach for the optimal location
of EV charging stations in the distributed network. These stations are
responsible for converting alternating current (AC) from the grid into
direct current (DC) necessary for EV batteries. Therefore, the presence of
an AC/DC converter in stations is compulsory. We predict that selecting
an appropriate structure—such as a bidirectional converter capable of
controlling power in both directions—will enable effective control of EV
power. In this case, we expect that such stations can participate in dis-
tribution network power management. However, we should note that
the number of charging stations in the distribution network is restricted.
Thus, their optimal location should be determined in the first stage.
Nevertheless, the planning of EV stations and the capability of EV sta-
tions power management on the distinct operation indices of the
network are investigated at low works. Therefore, we discussed the
optimal placement of EV charging stations in the distribution network.
The objective function in this problem considers minimization of the
cost of building charging stations and the cost of energy in addition to
the minimization of the voltage deviation from the desired value. It is
subject to AC power flow equations, EV and charging station models,
and network operation restrictions. The previously mentioned problem
has a mixed integer non-linear programming (MINLP) formulation. In
the next section, mixed integer linear programming (MILP) equivalent to
the main model of the problem is extracted. Because it is predicted that
we can obtain the unique optimal solution in less computing time
through this approach. Briefly, the innovations of this research are as
follows:

e Problem formulation of placing EV charging stations in the distri-
bution network to improve the grid’s technical status.

e Harnessing vehicle to grid (V2G) capabilities in EVs and two-way
power management including both active and reactive power for
charging stations.

e Optimal sitting of the EVs charging station according to network
operator objectives, i.e. minimizing of energy cost and voltage de-
viation, and station planner objective, i.e. minimizing of building
cost of charging station.

In the second part of the paper, the basic formulation of charging
station placement is described. In the third part, the associated linear
approximation model is extracted. Numerical results are analyzed in the
fourth section. Eventually, the conclusions are discussed in the last
section.

2. Proposed problem model

The optimal placement of EV charging stations in the distribution
network is an optimization problem consisting of an objective function
as well as several constraints. The objective function of the proposed
problem aims to minimize the total cost of construction and energy plus
voltage deviation from the reference value, which is expressed in
normalized form. Moreover, the problem is constrained by power dis-
tribution equations, network indicator limits (such as line power and bus
voltage), and the mathematical equations governing EV charging sta-
tions. Generally, the mathematical model of the proposed problem is as
follows:
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Equation (1) expresses the objective function of the proposed prob-
lem. It includes the sum of the construction and energy costs plus the
voltage deviation from the desired value, where all terms of the objec-
tive function are expressed as a percentage [24]. Consequently, there is
no need to present a multi-objective problem. In equation (1), each
function is normalized so that all three have equal importance. The
normalized value of each function is equal to the value of the function
divided by a base value of the function. In this situation, the relative
value of each function in equation (1) is calculated, which are unit-less.
In this situation, the sum of the three mentioned functions was consid-
ered as the objective function in equation (1). Note that the planning
cost 3, ;,CP;, operation cost 3, (A7PGres, + A" PPG;,), and voltage

profile function Y-, >, (Vie — Vref)z, are in $, $, and p.u. (per unit),
respectively. To ensure that the various functions in equation (1) share
consistent units, their relative values were incorporated into equation
(1). Constraints (2)-(6) address the power distribution equations. Spe-
cifically, equations (2) and (3) [25-28] define the active and reactive
power balance at each bus for every hour, while equations (4) and (5)
describe the active and reactive power flow through each line. Equation
(6) specifies the voltage (or power) angle at the reference (slack) bus
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across all hours. It should be noted that only the charging stations in the
grid are considered in this problem, so PG and QG represent the active
and reactive powers of the upstream network that are given to the me-
dium pressure distribution network, respectively [29-32]. We assumed
that the mentioned distribution network is connected to the upstream
network through the reference bus. Hence, PG and QG have values only
in the reference bus and are equal to zero in other buses [33]. Con-
straints (7)—(9) restrict network indicators as follows: (7) limits bus
voltage magnitude, (8) restricts line throughput, and (9) sets the up-
stream network power limit for every simulation hour [33].

The mathematical equations governing the EV charging stations are
illustrated in constraints (10-16). More explicitly, equation (10) shows
that both the power delivered to EVs and any excess charging capacity
are supplied to network loads, as defined in equation (2). But according
to the equation (10), EVs must perform their charging and discharging
operations at the charging station [34-37]. Furthermore, the restriction
of EV charging station capacity is represented in equation (11). Ac-
cording to this formulation if the binary variable x is equal to q, then the
charging station should be built into the corresponding bus. On the other
hand, if the binary variable x is equal to zero, the charging station will
not be built on the corresponding bus. The reason is that it can’t be
economically justified. Equations (12-16) express the behavior of EVs as
well. Equation (12) expresses the energy stored in the EV batteries.
Equation (13) shows that the EVs’ power is equal to the charge and
discharge powers. Indeed, it is worth mentioning that according to the
equations (14) and (15), the charging and discharging power at the same
time do not have a value [38-41]. In other words, if the charging power
had a value other than zero, then the discharging power must be equal to
zero and vice versa [42-44]. Finally, the equation (16) refers to the
positive amount of energy stored in EV batteries [45].

In the proposed scheme, the location of electric vehicle charging
stations is considered, which is generally a long-term problem. The
proposed scheme also includes the energy management problem in the
distribution network, which is a 24-hour short-term problem. In the
problem of locating the charging station, it is necessary to determine the
location of this station in the network. Its active and reactive power
management is part of the energy management problem. Determining
the location of the station is independent of time. Therefore, it can be
combined with the 24-hour energy management problem without the
need for a long-term problem model. These conditions hold in problems

(1)-(16).
3. Linear modeling of the proposed scheme

Constraints (4-5) and (8-9) as well as the third term of the objective
function are nonlinear mathematical equations. In addition to this,
equations (4-5) are also non-convex. The problem has binary variables,
so the model associated with the proposed problem (1-16) is non-convex
MINLP. Because of its non-convexity, different solvers obtain distinctive
solutions. They are solved by numerical methods based on repetition as
well [46-50]. Therefore, their computing time is high [24,33,45]. To
tackle this problem, our paper uses a mixed linear approximation model
equivalent to the proposed original one. The linearization process is as
follows [51]:

A) Linear estimation of power flow constraints: The nonlinear con-
straints of this section include equations (4-5). To linearize these
equations, we considered two basic hypotheses:

o The voltage angle between the distribution line terminals is less than
6 degrees, which is equivalent to 0.105 rad.

e Since the voltage magnitude of buses in the distribution network
should be between 0.95 and 1.05p.u., the voltage magnitude of buses
is close to one p.u.

It should be noted that according to [24,33,45], in the distribution
network, the voltage angle deviation between the two buses at the
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beginning and end of the distribution line is generally less than 6 de-
grees. Therefore, the first hypothesis is true in the distribution network.
Also, it is expected that the voltage magnitude is between 0.95 and
1.05p.u. in the power system and distribution network. In other words, it
is expected that the maximum voltage drop and the maximum over-
voltage will not exceed 0.05p.u. Therefore, the magnitude of the voltage
deviation is much less than the voltage magnitude or 1p.u. Based on this,
the second assumption is also true in the power system and distribution
network. According to the mentioned hypothesis, the bus voltage can be
expressed as 1 + AV, where the absolute value of the expression AV is
significantly less than 1. According to the first hypothesis cos(6;; —6;.)
and sin(6;; —0;,) it will be equal to 1 and (6;; —0;;) respectively. The
values of AVZ, AV x (0t —6;r) and AV; x AV; are so small that these
terms are omitted in this research. Therefore, we can rewrite equations
(4-5) as follows [511]:

PLie = {gy(AVie = AVy) +by(6n — 60} Vit (7)

Qlije = — {80 — 0,0) +by(AVi — AV} Vit a8)

B) Linear approximation of circular equations: Equations (8)-(9) are
non-linear relationships. In other words, they represent the circle’s
inequality, which is the magnitude of active and reactive power changes
inside the circle with the radius equal to the maximum value of nominal
power. Fig. 1 depicts the determination of linear equations corre-
sponding to the circular plane expressed in equation (19). Therefore, we
obtained a circular page by sharing several square pages. For instance,
the linear expression of the circular page is in the form of equation (20)
according to Fig. 1.

Y+x2<r 19

y<ry> -rx<r&x> -r 20

Based on Fig. 1, equation (20) suffers from a large linearization error.
To reduce it, we should increase the number of square plates with a
different angle from the horizontal axis. Therefore, the circumference of
the circle (which is 360 degrees) is divided into equal parts A« in the first
step. Then the equation of the line is calculated for each k.Aa, where k
represents the linearization part indices. Ultimately, the equation asso-
ciated with the calculated line is adjusted to be less than the circle’s
radius (r). In this case, the linear approximation equation of the circular
plane is expressed as the following relationship:

X>-r x<r

v

Fig. 1. Linear expression of a Circular Plane [24].
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xcos(kAa) +ysin(kAa) <r ke ¢, ={0,1,...,m —1} (21)

In the above equation, ny is equal to the number of linearization parts.
For instance, if 180 square plates are used to linearize a circular plate
then ny is equal to 180, and Aa will be equal to 2 degrees. In this case, the
planes x < rand y <r, corresponding to k = 0 and k = 45, respectively.
Therefore, the linear approximation of equations (8-9) is as follows
according to the explanations:

cos(k x Aa) x PL;j, +sin(k x Aa) x QLjj; < SL{fJ‘.aX Vi, j, t, k (22)
cos(k x Aa) x PG;, +sin(k x Aa) x QG <SG Vi, t, k (23)

C) Linear equation of voltage deviation from the desired value (the objective
function’s third term): Based on the hypothesis considered for the voltage
magnitude, the third term of the objective function is expressed as
follows:

2
T @
i€y t€p;

Thus to linearize (24), the following equation is used first:

2>

icoy t€g,

AV,

2
Vref ( 5)

Note that AV is generally negative because most loads receive power
from the upstream network and voltage drops in the distribution lines
keep all bus voltages below the reference level.

_ ZZAVM (26)

i€qp t€g, Vi

Hence, the final model of the proposed problem is:

1 1 AV;
min @ZX{CPI- + Zm (i?e[PGref‘t + ﬂfStPPGivt) - ZZ Vie @7

icqp tegp, Vref

i€y teg,
s.t.:
Constraints (2), (3), (6), (7), (10)-(18), (22), (23) (28)
Vie=1+AV;, Vit 29
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4. Numerical results
4.1. Problem’s configuration

We implemented the linearized mathematical problem on the 69-bus
radial distribution network, which is represented in Fig. 2. Also, char-
acteristics of the distribution lines and substations as well as their cor-
responding peak load data are discussed in [52]. Slack bus is 1, and its
voltage is 1 «0. Lower and upper value of voltage is 0.95 and 1.05p.u.
[53-56]. We obtained the value of active and reactive bus load in other
hours by multiplying the active and reactive load of the peak hour and
the load coefficient curve [57-59]. This load factor curve is shown in
Fig. 3 [51], and the electrical energy price received from the upstream
network is illustrated in Fig. 4 [51]. We should note that the selling price
of microturbine power is lower than the upstream grid energy price, and
its price is always fixed at $15/MW. In other words, we assumed that
EVs receive energy from microturbines at a fixed price.

In what follows, we considered some assumptions in our simulations
before discussing the results:

e The minimum and maximum voltage magnitudes are equal to 0.9
and 1.05p.u., respectively.

e The base power and voltage of the proposed grid are equal to one
megavolt ampere (1 MVA) and 12.66 kV.

e Charging stations with the supplying power of microturbines can be
built in all buses.

e Microturbines are connected to the grid and can supply any excess
power beyond what is drawn by EVs.

36 37 38 39 40 41 42 43 44 45 46

47 48 49 50

12 3\4 5 6 7\ 8\9 1o\11 N2 13 14
68 69
51 52 66 67

53 54 55 56

28 29 30 31 32 33 34 35

1.2

| Load Factor
0.8
0.6
0.4
0.2

0

12345678 9101112131415161718192021222324
Time
Fig. 3. Load Factor Curve [5].

16 17 18 19 20 21 22 23 24 25 26 27

58 59 60 61 62 63 64 65

Fig. 2. Radial Distribution Network Structure of the 69 Bus Grid [52].
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Energy Price ($/MW)

L TN

12345678 9101112131415161718192021222324
Time

Fig. 4. Daily Prices of Electric Energy [51].

o The capacity of microturbines is considered equal to 0.5 MVA.

e The EVs specifications such as battery capacity, charging rate, etc.
are discussed in references [5,24] and there are a maximum number
of 500 EVs in the grid.

e EVsvisit the charging station once during the 24 h, where they can be
charged or discharged. In other words, EVs leave the house between
6:00 and 8:00 to work, and they return home at 16:00.

e Between 6:00 and 8:00, 30 % of EVs return to the charging stations,
maintaining a constant number during that period.

e Approximately 10 % of EVs visit the stations at 16:00, 30 % at 17:00,
15 % at 18:00, and 7.5 % each at 19:00 and 20:00.

4.2. Results

We coded the proposed framework in GAMS software and solved it
by CPLEX solver [60]. The inputs to the problem are the parameters that
were introduced in the Symbol List section and their values are pre-
sented in Section 4.1. The output of the problem are the variables that
were introduced in the Symbol List section, and their values are deter-
mined by the GAMS software. Their values are presented in Section 4.2.
In GAMS, the data for the parameters and indices from the Symbol List
are defined according to Section 4.1. Next, the variables for the proposed
problem are introduced and the formulation of problem (27)-(29) is
implemented. The optimal solution is then obtained using the integrated
CPLEX solver, which eliminates the need to code a custom solution al-
gorithm. Finally, executing the program produces an output listing the
number of variables in problem (27)-(29), with selected values pre-
sented below.

A) Comparison of MINLP and MILP models: In this section, the results
of two MINLP and MILP models for the proposed design are presented.
According to Table 1, the number of places for the charging station is the
same as both problems and there are no calculation errors in terms of the
location of the charging station. In addition to this, the difference in
amplitude and voltage angle for the two models of the mentioned
problem is around 0.5 % and 0.4 %, respectively. The difference of the
total active and reactive power produced from the point of view of the
upstream network for both models of the mentioned problem is around
2.9 % and 2.5 %, respectively as well. But it should be noted that the

Table 1
Comparison of the Results for MINLP and MILP Models.
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calculation time for the MINLP model is 4751 s, but the calculation time
for the MILP model is only 237 s, which is very low compared to the
MINLP model. In other word, the non-linear problem includes high
calculation time [61-65]. Consequently, according to the values of
power difference and amplitude and voltage angle as well as the
calculation time, it can be said that the mentioned calculation error was
ignored due to the very low calculation time of the MILP model.
Consequently, the MILP model is a suitable model to replace the MINLP
model.

B) Evaluating the location of charging stations: In this section, the
optimal locations of charging stations are evaluated, and the corre-
sponding results are shown in Table 2. We assumed that the cost of
charging stations plus microturbines is equal to 100,000 $ [66]. Ac-
cording to the Table 2 results, nine charging stations are built in the
network, which are located on buses 8, 10, 17, 32, 39, 42, 48, 50, and 55.
By comparing Fig. 2 and Table 2, we conclude that there is a charging
station in all feeders. The reason is that during the hours when electric
vehicles are not in the charging stations, they deliver power back to the
grid through a microturbine. Hence, they are commonly fed on the spot,
and the bus voltage will be close to one p.u. That is, the third part of the
objective function becomes very minimal. Therefore, to reduce the
amount of voltage deviation and energy cost, the arrangement of
charging stations in the network is such that they are in all feeders.

C) Evaluating network indicators: In this section, we evaluated the
changes in network indicators due to the entry of charging stations. Also,
we carried out several different studies to check the network indicators,
which are as follows:

e Case 1: Carrying out load distribution in the test case distribution
network. In other words, there is no charging station, and it is our
base case.

e Case 2: Locating charging stations in the desired distribution
network, assuming only the charging mode for EVs.

e Case 3: Locating charging stations in the desired distribution
network, assuming charging and discharging modes for EVs.

The results of this section are demonstrated in Table 3. It shows the
maximum voltage drop and maximum overvoltage during the peak hour
for study cases 1 to 3. Based on this figure we can see that in study case 1,
the voltage deviations of the buses are high relative to each other. So, the
lowest voltage is equal to 0.908p.u. But in case studies 2 and 3, the
voltage changes of the buses are very low compared to one p.u. In other
words, in the second and third study cases the voltage profile is flatter or
smoother. Therefore, the presence of charging stations with micro-
turbine power supply will significantly improve the voltage profile.
Because the loads are fed by the charging station’s microturbine at the
consumption place. Eventually, the network’s voltage drop is consid-
erably reduced, and following that, the bus voltage will be close to one p.
u. In addition to the scenarios discussed, the assumption of the discharge
mode doesn’t have numerous changes on the network indicators in case
2. In other words, the voltage profiles of the second and third case
studies are very close to each other. Hence, case 2 can be appropriate for
our research.

Table 2
Location of charging stations.

Parameter MINLP MILP % Calculation
Error
Active Power of Upstream Network at ~ 0.42 0.408 2.93
Peak Load Time (p.u.)
Reactive Power of Upstream Network 2.34 2.19 2.51
at Peak Load Time (p.u.)
Mean of Voltage Magnitude (p.u.) 0.991 0.992 0.51
Mean of Voltage Angle (rad.) —0.008 —0.00832 0.39
Number of EVs Stations 9 9 0

Calculation Time (sec.) 4751 237 95.01

Charging Station Feeder Location (Bus)
1 1-27 8

2 1-27 10

3 1-27 17

4 28-35 32

5 36-46 39

6 36-46 42

7 47-50 48

8 49-50 50

9 53-65 55
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Table 3
Comparison of Voltage Drop, Overvoltage, and Energy Loss across Different
Cases.

Case  Maximum Voltage Drops = Maximum Overvoltage Energy Loss
(p.u.) (p.u.) (p-u.)

1 0.092 0 2.08

2 0.037 0.01 1.23

3 0.036 0.01 1.21

Table 3 shows the network energy losses across different study cases.
As apparent, the energy loss in the first case is very high. The reason is
that all loads are fed by the upstream network, and since there is a
distance between the loads and the feeders, energy loss will be high. But
we should note that in the second and third case studies, energy losses
are much lower than in case 1. Because in cases 2 and 3, the charging
station’s microturbine feeds the loads in most hours. Consequently,
energy losses will be very low. Also, considering the discharge mode of
electric vehicles won’t have a significant impact on the study case.

D) Evaluating different parts of the objective function: In this section, the
amount of voltage deviation, energy cost [67-69], and the cost of con-
structing charging stations for the case studies that only consider the
charging mode of electric vehicles are discussed. As can be seen in
Table 4, the cost of building charging stations is 900,000 US dollars. As
previously mentioned, nine charging stations are built in the network,
and the cost of building each station was 100,000 $. Consequently, the
total cost of building charging stations will be 900,000 dollars. It should
be noted that the cost of energy in this case is 433.814 dollars. If the
charging station is not available in the network, the amount of energy
cost according to [51] will be 1425 dollars. So, with the presence of
charging stations and microturbine power supply in the mentioned
distribution network, the amount of energy cost is reduced significantly.
This is because they have received power from a cheaper source several
times, and the energy losses have been greatly reduced. Hence, the cost
of energy will be reduced compared to the base case. The last variable
that is checked in Table 4 is voltage deviation, which is equal to 1.142p.
u. in our studies. But it should be noted that this case is equal to 43.8
based on [52]. Therefore, the charging station supplied by the micro-
turbine power source will greatly reduce the voltage deviation.

5. Conclusion

In this paper, we discussed the optimal placement of EV charging
stations in the distribution network. We not only minimized the cost of
building charging stations but also did the same for the cost of energy as
well as voltage deviations. The original problem was bound to the
equations of optimal AC power distribution and the operating model of
EVs and charging stations. That’s why the mentioned problem had a
MINLP format. So, we transformed it into a MILP problem under certain
assumptions. Ultimately, by applying the proposed problem to the 69-
bus distribution network, we obtained the following results:

e Construction of charging stations in the distribution network feeders
to achieve a smoother voltage profile and lower energy losses.

e Improving the distribution network voltage profile, reducing energy
losses and energy costs in the presence of charging stations supplied
by microturbine power in the grid.

e Achieving high execution speed by leveraging the MILP model for
the proposed problem compared to the original MINLP
configuration.

e Achieving low computational error by implementing the MILP
approach for the proposed problem compared to the original model.

In this study, we adopt a linearized power flow model that assumes
voltage magnitudes are approximately 1p.u. and that the voltage angle
deviation between the sending and receiving ends of each distribution
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Table 4

Objective function values for different parts.
Index Value
Voltage Deviation (p.u.) 1.142
Energy Cost ($) 814.433
Investment Cost ($) 900,000

line is less than 6 degrees. These assumptions, supported by previous
research [24,33,45], may not hold in all real distribution networks;
hence, future work will explore alternative linearization techniques for
improved accuracy.
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