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As regards the number of electric vehicles and their batteries energy variety in charging or discharging
modes, the vehicle to grid technology can act as a variable load in charging mode or as a variable energy
source in discharging mode. In this paper, a new approach is proposed. In the proposed approach, the
control of the connection node voltage and the coordination of the charging and discharging of the EVs
batteries are considered as the variable objective functions. The constraints are determined by several
parameters such as the state of charge, connection node voltage, and charging-discharging time. Based on
the proposed approach, the decision variables (which are active and reactive powers) exchanged between
the EVs aggregator and the grid, are determined to achieve the defined objective functions. Reduction of
grid losses in the peak load hours is the other advantage of the proposed approach. The simulations for
a typical distribution system with V2G capabilities based on the proposed approach are carried out and
tested for the different scenarios in charging and discharging modes. Finally, for lending credence to the
proposed method, results are compared with conventional method. © 2018 Journal of Energy Management and

Technology
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1. INTRODUCTION

One of the best future solutions to prevent the increase of
fossil fuels consumption and environmental pollutions can
be the extensive usage of electric vehicles (EVs). Therefore,
grid overloading due to charging EVs is an important issue
[1–3]. Depending on the time and the location, wherein the
EVs are plugged in, they could cause overloading on the
regional grid. With increasing the penetration of EVs to the
grid, proper coordination between the grid and EVs is required.
Uncontrolled charging of EVs may lead to voltage collapse,
harmonic injection, frequency instability, and other problems in
the distribution system. Therefore, it is important to coordinate
and control the power flow between the grid and EVs batteries
[4]. When the EVs arrive at the parking lot and connect to
the grid, they receive energy and store it. EVs are also able
toreturn electrical energy to the grid during peak-load, which
explains the concept of the vehicle to grid (V2G) technology. The
V2G operation can be defined as the provision of energy and
ancillary services from EVs to the grid [5]. In order to provide
the ancillary services, each EV should have some extra devices
such as an electronic interface for controlling energy exchanged
between the grid and EVs batteries, metering equipment, and a

bidirectional communication interface to communicate with the
aggregator system, which manages the charging-discharging
of a high number of EVs, as are described in [6–8]. The V2G
technology can also act as a supplement to the renewable energy
sources, such as solar and wind energy. The electrical energy
in wind and solar conditions can be stored in the batteries of
EVs and returned to the grid during peak-load hours. Thus,
the V2G technology effectively stabilizes intermittent power of
solar and wind energy [9, 10]. Electric distribution networks
considered as a critical and essential infrastructure for modern
societies. So, any failure on any distribution line can cause
major power outages [11]. Therefore, the V2G technology is
able to increase the reliability of the network, compensate the
lack of power, reduce the air pollution, improve the overall
efficiency of the system, and provide the several lateral services
including voltage control, frequency stability, and production of
spinning reserves [12–14]. Traditionally, the electrical system
infrastructure is designed to meet the highest level of demand.
Therefore, the full capacity of system during low-load hours
is typically underutilized. However, in the large industrial
cities, the demand peak-valley gap can be as high as 40%–50%
[15–18], then, peak shaving and valley filling are required to
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reduce the system infrastructure cost and modify its utilization.
The V2G technology, compared with other solutions can be a
more efficient and economical solution to peak shaving and
valley filling which reduces the gap between production and
demand, certainly. Moreover, the batteries of EVs can respond
to the network demand changes faster than generators (in
a few seconds) [19–21]. The researchers have studied the
utilization of EVs to support the grid in order to control voltage
and frequency and as a distributed energy storage for peak
shaving and valley filling [22–24]. In [25], battery lifetime
estimation of an EV using different driving styles on arterial
roads integrating recharging-scenarios in the neighborhood of
the V2G integration is studied. However, voltage regulation has
not been investigated. In [26], the authors have implemented
the load flow to analyze the impact of charging EVs batteries on
the distribution network and charging coordination between
peak and low-load hours, but have not evaluated the V2G
technology and charging/discharging coordination. In [27, 28],
the energy storage in the EVs batteries has been discussed
to meet the peak-load demands. In these researches, the
authors have focused on the aggregated EVs battery energy
for the transmission network, but they have not applied a
proper evaluation for voltage control. In [29], the authors have
presented a model of charging station of EVs to control the
voltage and peak shaving using a fuzzy logic controller (FLC).
Moreover, in [30], the authors have developed a multi-charging
station for EVs to support the grid using the FLC method at
the connection node. However, these works suffer from a poor
control of the connection node voltage, especially during the
charging mode. Furthermore, the FLC method is not applicable
to the high number of EVs.

In this paper, considering the variable performance of the
EVs batteries either as a load in charging mode or as a power
supply in discharging mode a new approach is proposed to
regulate the connection node voltage by controlling the power
flow between the EVs and the grid. Moreover, the state of
charge (SOC) of the EVs batteries is controlled in the specific
margins, which are determined by vehicle’s owner or aggregator.
The impacts of the number of EVs that are connected to the
grid are analyzed using computer simulations. The novelty
of the proposed approach is the accurate regulation of the
connection node voltage along with management of charging
and discharging of EVs batteries which guarantees at the end of
the charging and discharging process all EVs are fully charged.
Moreover, the charging-discharging power, time, and the SOC
of the EVs batteries are controlled within the specified limits as
a deterministic setting by the EVs owners or aggregator. The
proposed approach is implemented for regulating voltage in the
case study of a distribution system, similar to that is used in [29].
Eventually, in order to prove the precision performance of the
proposed method, results are compared with the FLC method
results.

The remainder of this paper is organized as follows. Section 2
describes the concepts for problem definition such as: V2G struc-
ture and required/available energy in charging/discharging
modes. Section 3 presents the problem definition. The prob-
lem formulation and its proposed solution methodology are
presented in Section 4. Simulation results for three scenarios in
charging and discharging modes, cost determination, and bat-
tery degradation are presented in Section 5. Finally, the findings
of this work are summarized in Section 6.

2. ESSENTIAL CONCEPTS FOR PROBLEM DEFINITION

In order to define the problem and determine the objectives of
the proposed method, it is required to explain some concepts
related to the V2G technology.

A. The base structure of V2G
The structure of a multi-level V2G system which is shown in
Fig. 1, is made up of three principal components of a charg-
ing/discharging controller, a set of aggregators, and a set of
EVs. For simplicity, the aggregators that are connected directly
to the EVs are called aggregator of Evs; and the aggregators
that are connected to the other aggregators are called aggrega-
tor of aggregators. An aggregator of EVs can be installed in a
parked position or in an area where a large number of EVs have
been parked. An aggregator of aggregators can also control the
several aggregators of EVs. As shown in Fig. 1, three types of
the used services are defined for the power exchanging such
as the charging/discharging controller-aggregator service, the
aggregator-aggregator service, and the aggregator-EV service.
This work is focused on the act of the charging/discharging
controller-aggregator service to control the connection node volt-
age and the aggregator-EV service to determine the available or
required energy of the EVs batteries in V2G or grid to vehicle
(G2V) modes.

B. SOC-based controller for calculating required and available
energy in charging and discharging modes

The V2G and G2V conditions for the EVs battery are carried out
for the duration of peak and low-loads, respectively. However,
some of the EVs may not have excess energy to support the
grid and they may even encounter energy shortage. Therefore,
this research provides a SOC-based controller. This controller
adjusts each EV’s battery SOC between the minimum (SOCmin)
and the maximum (SOCmax) values that are determined by the
vehicle’s owner or aggregator. In the discharging mode, if SOC
of each EV’s battery is higher than SOCmin the excess energy
can be transmitted to the grid and if it is lower than SOCmin ,
the related aggregator provides essential energy for charging
the EV’s battery up to SOCmin. On the contrary, in the charging
mode the required energy is transferred from the grid to the EVs
for charging the batteries up to SOCmax. In (1) and (2) the total
available and required energies are obtained for discharging and
charging modes, respectively.

ETava = ∑
(

SOCi − SOCmin
)
× Eci (1)

ETreq = ∑ (SOCmax − SOCi)× Eci (2)

where SOCi and SOCmax are the current SOC and the maximum
value of the SOC for a typical EV’s battery, respectively. Eci is
the energy capacity of an EV battery, ETava is the total available
energy for grid support in peak-load hours, and ETreq is the total
required energy during charging in low-load hours.

3. PROBLEM DEFINITION

As shown in Fig. 2, a V2G system is connected to the distribution
network by a 11/0.44 kV transformer and the interface line. The
apparent power delivered by the EVs batteries can be obtained
from:

SV2G = VV2G I∗V2G (3)
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Fig. 1. The basic structure of V2G.

Fig. 2. Schematic diagram of a V2G system connected to the
distribution network.

IV2G =
|VV2G|∠δ− |Vnode|∠0

|ZT |∠θ
(4)

where SV2G and IV2G are the apparent power and the current
provided by the EVs batteries, respectively. |VV2G| and |Vnode|
are the voltage magnitudes at the V2G node and connection
node, respectively. δ, θ, and |ZT | represent the phase angle
between VV2G and Vnode, the phase angle of the line impedance,
and the magnitude of the line impedancewhose involved in the
transformer impedance, respectively. With placing (4) in (3) and
separating the real and imaginary parts of the apparent power,
the active power (PV2G) and reactive power (QV2G) are obtained:

SV2G =
|VV2G|2
|ZT |

∠θ − |VV2G| × |Vnode|
|ZT |

∠(δ + θ) (5)

PV2G =
|VV2G|2cos(θ)− |VV2G| × |Vnode|cos(θ + δ)

|ZT |
(6)

QV2G =
|VV2G|2sin(θ)− |VV2G| × |Vnode|sin(θ + δ)

|ZT |
(7)

If only the reactive power injection by the EVs batteries is re-
quired, δ will be zero and the voltages (VV2G and Vnode) will be
in phase, and the delivered active and reactive powers will be
obtained as follows:

PV2G = 0 (8)

QV2G =
|VV2G|2 − |VV2G| × |Vnode|

|XT |
(9)

Considering that, both of the grid power losses and the reactive
feature of the loads cause the voltage drop. The phase angle
must be controlled to inject the active and reactive powers into
the grid to modify a high value of voltage. To modify a high
value of voltage, the phase angle must be controlled to inject the
active power to the grid such as reactive power. Since, in the
proposed method, the grid is supported by delivering the active
and reactive powers through EVs aggregator and the majority
of loads in peak-load hours are also domestic types, the power
factor for charging and discharging modes is assumed to be 0.9
[29]. The voltage of the V2G node is attained as [31],

V2
V2G = V2

node − 2 (PV2GrT + QV2GxT)

+

(
P2

V2G + Q2
V2G

V2
node

)(
r2

T + x2
T

)
(10)

where rT and xT are the resistance and reactance of the interface
line between the V2G node and connection node, respectively.
The voltage increase due to the injection of EVs energies to the
connection node can be obtained as [32]:

∆VV2G =
PV2GrT + QV2GxT

Vn
(11)

where Vn is the line nominal voltage.

4. PROPOSED APPROACH

Fig. 3 shows a typical radial distribution system, in which a
substation of 33 kV supplies the feeder of 11 kV by a 33/11 kV
transformer. The primary feeder supplies various loads in sub-
feeders by distribution transformers (11/0.44 kV and 500 kVA).
The EVs aggregator under the V2G technology is linked to the
connection node (wherein the most voltage drop occurs) by a
transformer of 11/0.44 kV, 500 kVA.

In the proposed approach, the control of the connection node
voltage (Vnode) and the coordination of the charging and dis-
charging of EVs batteries are considered as the variable objective
functions. In this approach, controlling the connection node
voltage as amount of 1 p.u. is considered as an initial objec-
tive function. Therefore, the active and reactive powers (which
exchanged between the EVs aggregator system and the grid)
are determined to achieve the initial objective function. Then,
according to the duration of charging-discharging, the objective
functions can be varied as one of the states presented in Table
1 based on the different situations for charging or discharging
modes and the formulations for determination of the active and
reactive powers are applied again to achieve the new objective
functions. The predetermined objective function can be varied
to the newer objective function depending on the changing or
discharging conditions. For instance, from Table 1, in the state 2
of discharging mode, if connection node voltage (Vnode) becomes
equal to 1 p.u. and the charging-discharging time (TV2G) is
smaller than the minimum value of the charging-discharging
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Fig. 3. Typical radial distribution system with the primary 11
kV feeder.

time (Tmin
V2G). The objective functions for controlling the con-

nection node voltage and charging-discharging time in their
reference values are defined as:

Vre f < 1 & Tre f = Tmin
V2G (12)

in which, Vre f is the reference value of the connection node
voltage and Tre f is the reference value of charging-discharging
time. It should be noted that all the situations presented in Table
1 are checked and analyzed at each step and then the appropriate
objective functions are determined. Therefore, the required
active and reactive powers are calculated and applied to the
grid by the V2G system to achieve the desired objective function.

The constraints of the proposed approach are as follows:

SOCmin ≤ SOC ≤ SOCmax (13)

Tmin
V2G ≤ TV2G ≤ Tmax

V2G (14)

Vmin
node ≤ Vnode ≤ Vmax

node (15)

In this work, the same as [29], the minimum and the maximum
values of the SOC are considered 50 and 100 percent, respec-
tively. The Tmin

V2G and Tmax
V2G have been determined 2 and 8 hours,

Table 1. Variable Objective Functions for Different Situations

Different situations in discharging modes
State num. Situations Variable Objective Function

1 VPCC = 1, Vre f = 1,

Tmin
V2G ≤ TV2G ≤ Tmax

V2G Tmin
V2G ≤ Tre f ≤ Tmax

V2G

2 VPCC = 1, TV2G < Tmin
V2G VRe f < 1, Tre f = Tmin

V2G

3 VPCC < Vmin
PCC , TV2G = Tmin

V2G Vre f = Vmin
PCC , Tre f < Tmin

V2G

Different situations in charging modes
State num. Situations Variable Objective Function

1 Vnode = 1 Vre f = 1

Tmin
V2G ≤ TV2G ≤ Tmax

V2G Tmin
V2G ≤ Tre f ≤ Tmax

V2G

2 Vnode = 1, TV2G < Tmin
V2G Vre f > 1, Tre f = Tmin

V2G

3 Vnode > Vmax
node , TV2G = Tmin

V2G Vre f = Vmax
node , Tre f < Tmin

V2G

respectively. The Vmin
node and Vmax

node are considered equal to 0.98
p.u. and 1.02 p.u., respectively. In order to achieve the specified
objective functions and using the advantages of the V2G tech-
nology, the Level 2 charging system can be more appropriate
than other Levels [33].

As shown in Fig. 2, IV2G is the current that flows from the
V2G node to the connection node and its iterative sequence is as
follows:

I(k+1)
V2G =

V(k)
V2G −V(k)

node
ZT

(16)

where the indexes (k) and (k+1) in the parameters imply the
number of iteration. In this method, an initial voltage estimation
of 1.0 + j0.0 for V2G node is satisfactory. The initial voltage of
the connection node is obtained from converging the Newton-
Raphson (NR) power flow solution [34] before applying the
proposed approach. The voltage variation, output voltage, and
the apparent, active, and reactive powers of the EVs aggregator
at k+1 iteration are as follows:

∆V(k+1)
V2G =

∆P(k+1)
V2G rT + ∆Q(k+1)

V2G xT

Vn
(17)

V(k+1)
V2G = V(k)

V2G + ∆V(k)
V2G (18)

S(k+1)
V2G = V(k+1)

V2G I∗(k+1)
V2G (19)

P(k+1)
V2G = real

{
S(k+1)

V2G

}
(20)

Q(k+1)
V2G = image

{
S(k+1)

V2G

}
(21)

In the proposed method, first, PV2G and QV2G are computed
then, through using these parameters the NR power flow is exe-
cuted. However, if Vnode becomes equal to Vre f , the obtained
values in the current iteration can be used as the final amounts
of the over quantities. Otherwise, the mentioned steps for the
next iterations should be carried out according to (16)–(21). The
iterations will continue until Vnode becomes equal to Vre f ; and
consequently the final amounts of VV2G, PV2G, and QV2G are
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achieved. Then, the charging-discharging time (TV2G) is calcu-
lated according to:

TV2G =
EV2G
PV2G

(22)

where EV2G is the available or required energy. However, if the
obtained TV2G satisfies its related constraint in (14), the resultant
amounts of VV2G, PV2G, QV2G, and TV2G will be selected as
the final values. Otherwise, the reference value of charging-
discharging time (Tre f ) will be equal to the threshold values and
VV2G can be calculated as follows:

i f

 TV2G < Tmin
V2G → Tre f = Tmin

V2G

TV2G > Tmax
V2G → Tre f = Tmax

V2G

(23)

VV2G =
Vnode +

(
V2

node + 4
(

ZT×PV2G
cosφ

)) 1
2

2
(24)

However, based on the obtained values the NR power flow
solver executed again. If the updated Vnode satisfies its related
constraint in (15), the obtained values will be selected as the final
values. Otherwise, Vre f is equal to the threshold value and the
other parameters are obtained as follows:

i f

 Vnode < Vmin
node → Vre f = Vmin

node

Vnode > Vmax
node → Vre f = Vmax

node

(25)

VFinal
V2G = VV2G + ∆VV2G (26)

PFinal
V2G =


(

VFinal
V2G

)2
−Vnode ×VFinal

V2G

ZT

 cosφ (27)

TFinal
V2G =

EV2G

PFinal
V2G

(28)

Therefore, the power whose exchanged between the EVs ag-
gregator and the grid, is determined to achieve the variable
objective function, satisfy the relevant constraints, make proper
coordination between charging and discharging modes, and re-
duce grid losses during the peak-load hours. The mentioned
issues for the VOF method are depicted in Fig. 4.

5. SIMULATION RESULTS AND DISCUSSIONS

To validate the proposed method, a typical radial distribution
system is employed that consists of 56 nodes where 36 nodes
are 11 kV and 20 nodes are 33 kV [29]. In this paper, as shown
in Fig. 3, a 33 kV substation of the radial distribution system is
modelled. The EVs aggregator is connected to the connection
node in the distribution system, by a transformer (11/0.44 kVand
500 kVA). The transformer impedance is considered to be 0.55j
p.u. The base values for apparent power and voltage are 500
kVA and 0.44 kV, respectively. Each node is decided to have
100 EVs. In this work, three types of batteries with the energy
capacities of 10 kWh, 16 kWh, and 20 kWh are assumed to be
used in the EVs. Due to considering the plugged-in EVs have
different SOCs, the available/required energy is calculated by
using the SOC-based controller. Three scenarios are developed

Fig. 4. Proposed method flowchart for V2G charg-
ing/discharging controller.

for calculating the available energy for grid support as well
as required energy for charging the EVs batteries. In the first,
second, and third scenarios, the energies of 390 kWh, 192 kWh,
and 99 kWh are available which are given in Tables 2, 3, and 4,
respectively. These three scenarios serve as the case studies to
support the grid by EVs. The corresponding assumptions are
made for developing the scenarios for charging of EVs. The first,
second, and third charging scenarios require the energies of 648
kWh, 435 kWh, and 305 kWh, which are given in Tables 5, 6,
and 7, respectively. As shown in Fig. 3, the V2G capability has
been explored for voltage control and energy management in
charging and discharging modes. The simulations have been
carried out for both cases of charging along with discharging of
the EVs. For each case, the three scenarios have been developed.

A. Discharging Mode

By running the NR power flow solution, the connection node
voltage during peak-load hours and without V2G capability is
0.93 p.u. The EVs batteries (under the V2G capability and based
on the proposed method) are discharged to support the grid.
Therefore, the connection node voltage improved from 0.93 p.u.
to 1 p.u. after 13 iterations which are presented in Table 8. In the
scenario I(as given in Table 2), the total available energy is 390
kWh. As shown in Fig. 5, the V2G system based on the proposed
method has regulated the connection node voltage at 1 p.u. by
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Table 2. Total available energy for grid support (scenario I)
SOC % Capacity of Batteries kWh No. of EVs SOC available for grid support % Available energy for Discharging kWh

30 10 25 -20 -50

60 16 25 10 40

90 20 50 40 400

Total available energy for discharging 390

Table 3. Total available energy for grid support (scenario II)
SOC % Capacity of Batteries kWh No. of EVs SOC available for grid support % Available energy for Discharging kWh

20 10 20 -30 -60

40 16 30 -10 -48

80 20 50 30 300

Total available energy for discharging 192

Table 8. Using the proposed approach for discharging mode

Iterations PV2G p.u. VV2G p.u. Vnode p.u.

1 0.1342 1.06969 0.98391

2 0.1676 1.08578 0.99137

3 0.1860 1.09441 0.99533

4 0.1960 1.09908 0.99747

5 0.2015 1.10161 0.99862

6 0.2045 1.10299 0.99925

7 0.2061 1.10374 0.99959

8 0.2070 1.10415 0.99978

9 0.2075 1.10437 0.99988

10 0.2077 1.10449 0.99993

11 0.2078 1.10456 0.99996

12 0.2079 1.10460 0.99997

13 0.2080 1.10463 1.00000

injecting the active power of 0.208 p.u. to the grid. The V2G
node voltage and the discharging time are obtained 1.1046 p.u.
and 3.75 hours, respectively. It is evident that TV2G and Vnode
satisfy their related constraints in (14) and (15), respectively.

In scenario II, the available energy is 192 kWh and TV2G is
attained 1.85 hours that is lower than the minimum threshold.
Therefore, in this scenario, Tre f is considered to be the minimum
threshold. As shown in Fig. 6, PV2G and VV2G are respectively
obtained 0.192 p.u. and 1.1061 p.u. using (22)-(24). However,
the NR power flow solver is executed based on the obtained
parameters. Eventually, Vnode is obtained 0.99917 p.u. that is
located in its defined constraint.

In scenario III, the available energy is 99 kWh and the TV2G
is attained 0.95 hours that is lower than the minimum value.
Therefore, Tre f is considered to be the minimum threshold. As
shown in Fig. 7, PV2G and VV2G are obtained 0.099 p.u. and
1.0572 p.u., respectively. Now, by running the NR power flow
solution based on the updated values, Vnode is obtained 0.97716
p.u. that does not satisfy the related constraint. Then, according
to (25), Vre f is assumed to be Vmin

node. by using (26)-(28), VV2G,
PV2G, and TV2G are obtained 1.06 p.u., 0.1369 p.u., and 1.43
hours, respectively. Finally, by running the NR power flow
solution again, Vnode is attained 0.9816 p.u. that fulfills its related
constraint. As presented in Table 9, the active and reactive power

Fig. 5. Vnode without (Iteration 0) and with the V2G controller,
VV2G, and PV2G of the proposed method in each iteration in
the scenario I.

Fig. 6. Vnode without and with the V2G controller, VV2G, and
PV2G of the proposed method in each iteration in the scenario
II.

losses have been respectively decreased by 18.14% and 19% in
the scenario I, and 13.2% and 14% in the other scenarios.

By discharging the EVs batteries, their SOC levels are also
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Table 4. Total available energy for grid support (scenario III)
SOC % Capacity of Batteries kWh No. of EVs SOC available for grid support % Available energy for Discharging kWh

27 10 30 -23 -69

35 16 30 -15 -72

80 20 40 30 240

Total available energy for discharging 99

Table 5. Total required energy during charging (scenario I)
SOC % Capacity of Batteries kWh No. of EVs SOC required for charging % Required energy for charging kWh

30 10 25 70 175

60 16 25 40 160

90 20 50 10 100

Total required energy for charging 435

Fig. 7. Vnode without and with the V2G controller, VV2G, and
PV2G of the proposed method in each iteration in the scenario
III.

Fig. 8. SOC of EVs battery before and after discharging.

changed. The SOC levels of the EVs batteries (before and after
discharging) are shown in Fig. 8. As shown, the proposed ap-
proach always ensures that the batteries SOC level is maintained
at least on 50% during discharging mode. As shown in the simu-
lation results, the proposed approach has successfully managed
the available/required energy of EVs batteries to support the
grid, control the connection node voltage, and reduce the grid
losses.

Table 10. Using proposed approach for charging mode

Iterations PV2G p.u. QV2G p.u. Vnode p.u.

1 -0.0361 -0.0175 1.0129

2 -0.0581 -0.0281 1.0080

3 -0.0714 -0.0346 1.0049

4 -0.0795 -0.0385 1.0030

5 -0.0844 -0.0409 1.0018

6 -0.0873 -0.0423 1.0011

7 -0.0891 -0.0431 1.0007

8 -0.0902 -0.0437 1.0004

9 -0.0908 -0.0440 1.0003

10 -0.0913 -0.0442 1.0002

11 -0.0916 -0.0444 1.0001

12 -0.0918 -0.0445 1.0000

B. Charging mode

The EVs that require energy for charging their batteries are de-
veloped in three scenarios. The connection node voltage during
low-load hours and without V2G capability is 1.021 p.u.. As pre-
sented in Table 10, due to the charging of EVs batteries through
using the proposed method, the connection node voltage is re-
duced to 1 p.u. after 12 iterations. In Table 10, the negative
values of the active and reactive powers indicate a change in
power flow direction from the grid to the EVs aggregator.

In the scenario I, the required energy to charge the EVs bat-
teries in low-load hours is 648 kWh. As shown in Fig. 9, the
power which is drawn from the grid obtained 0.0918 p.u. (at
the 12th iteration). The duration of charging EVs is attained
14.12 hours that does not satisfy its related constraint in (14).
Therefore, the Tre f is considered to be the maximum threshold.
So, the active and reactive powers are calculated and obtained
0.162 and 0.0785 p.u., respectively. By running the NR power
flow solution, Vnode is achieved 0.98135 p.u. that is placed in
its related constraint in (15).

In scenario II, the required energy to charge the EVs batteries
is 435 kWh, and the charging duration is achieved 9.48 hours
whose is higher than the maximum threshold. Therefore, Tre f
considered to be the maximum threshold. As shown in Fig. 10,
the active and reactive powers which are drawn from the grid
achieved 0.1088 and 0.0527 p.u., respectively. Then, by running
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Table 6. Total required energy during charging (scenario II)
SOC % Capacity of Batteries kWh No. of EVs SOC required for charging % Required energy for charging kWh

20 10 20 80 160

40 16 30 60 288

80 20 50 20 200

Total required energy for charging 648

Table 7. Total required energy during charging (scenario III)
SOC % Capacity of Batteries kWh No. of EVs SOC required for charging % Required energy for charging kWh

65 10 30 35 105

75 16 30 25 120

90 20 40 10 80

Total required energy for charging 305

Fig. 9. Vnode without (Iteration 0) and with the V2G controller,
PV2G, and QV2G of the proposed method in each iteration in
the scenario I.

Fig. 10. Vnode without and with the V2G controller,PV2G, and
QV2G of the proposed method in each iteration in the scenario
II.

NR power flow for the updated power values, Vnode obtained
0.9958 p.u. (it is very close to 1 p.u.) and satisfies the related
constraint. In scenario III, the required energy to charge the
EVs batteries is 305 kWh and the charging time is achieved 6.65
hours which satisfies its related constraint. Therefore, as shown
in Fig. 11, the EVs aggregator provides the required energy to
charge the EVs batteries for 6.65 hours duration, and controls
Vnode at 1 p.u. by getting the active and reactive powers from
the grid (0.0918 and 0.0445 p.u. respectively). Through charging
the EVs batteries, their SOCs level has been changed. The SOCs
of the EVs batteries before and after charging are shown in Fig.
12. As shown, the batteries SOCs are increased until all of the
batteries are fully charged during the charging scenarios.

As the load changes, the required power of V2G controlled by
changing the power flow between grid and batteries. Therefore,

Fig. 11. Vnode without and with the V2G controller,PV2G, and
QV2G of the proposed method in each iteration in the scenario
III.

Fig. 12. SOC of EVs battery before and after charging.

Fig. 13. Local load curve at the connection node without V2G
technology.

the load profile of the connection node improved as well as the
peak shaving and valley filling.

Aim to prove the versatility, the proposed method has been
compared with the conventional FLC method in first and sec-
ond scenarios. These comparisons for both of discharging and
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Table 9. Grid losses with/without V2G in peak hours

All in p.u. Without V2G system With V2G system

Scenario I Scenario II Scenario III

Active Power Losses 0.45452 0.37206 0.39449 0.39539

Reactive Power Losses 1.5804 1.28 1.3593 1.3592

Fig. 14. Power flow between the grid and the EVs batteries.

charging modes are presented in Tables 11 and 12, respectively.
Therefore, as shown, the proposed method is able to coordinate
the charging and discharging of the EVs batteries, support the
grid, and control the connection node voltage, perfectly.

C. Cost determination and battery degradation
The battery degradation is a function of SOC, ambient
temperature, charging time, Depth of Discharge (DOD),
charge/discharge rate, and the cycles number [35]. The power
company has set three different tariffs for low, normal, and peak
load hours to sell electrical energy to customers in G2V mode
[36]. In the G2V mode, the cost of electric energy consumed by
EVs is as follows:

CG2V =
24

∑
i=1

αiEG2V
i (29)

in which CG2V is the total cost of electric energy used by EVs in
24 hours. αi and EG2V

i are the energy tariffs per kilowatt-hour
and the amount of energy consumed by EVs in the ith time,
respectively. Similarly, the EVs owners can also take different
tariffs for low, normal, and peak load hours for the sale of energy
to the grid. Therefore, in the V2G mode, the proceeds from the
sale of energy to the grid by the owners of EVs can be obtained
as follows:

CV2G =
24

∑
i=1

βiEV2G
i (30)

in which, CV2G is the total revenue from the sale of energy to
the grid by EVs owners within 24 hours. βi and EV2G

i are the dif-
ferent energy sale tariffs and the amounts of energy transferred
to the grid in the ith time, respectively. In order to economize
the V2G technology based on the proposed method, the revenue
which obtained from the sale of energy to the grid by EVs owners
can be more or equal to the sum of the cost of purchasing energy
from the grid by the owners and cost of the battery degradation.

CV2G ≤ CG2V + CDEG
BAT (31)

where CDEG
BAT is the cost of the battery degradation for energy

that exchanged between the grid and EVs during 24 hours and

Table 11. Comparison of the proposed method with FLC
method in discharging mode

Scenarios Methods PV2G kW TV2G Hours Vnode p.u.

I EV2G = 390 kWh
Proposed 104 3.75 1

FLC 104 3.75 0.98

II EV2G = 192 kWh

Proposed 96 2 0.99917

Proposed 70 2.74 0.98738

FLC 70 2.47 0.95 < 0.98

can be described as:

CDEG
BAT =

nEV

∑
j=1

γj × ETOT
j (32)

in which ETOT
j and nEV are the total energy exchanged between

the grid and jth EV, and the number of all EVs connected to the
grid, respectively. γj is the jth EV battery degradation factor for
a kilowatt-hour energy exchange and can be defined as follows:

γj =
BATPj

2× Ecap
j × Lcyc

J
(33)

where BATPj and Ecap
j are the battery price and the nominal

energy capacity of jth EV battery, respectively. Lcyc is the jth EV
battery life cycle in terms of charging-discharging cycles.

In the G2V mode, the power company applies the tariff for
energy consumption at the low load hours to reduce half of
the normal load tariff and at the peak load hours to double
increase of the normal load tariff. Therefore, in V2G mode, for
determining the sale of the energy tariffs, it is possible to set the
tariff at low load hours to half of the normal load tariff and at
peak load hours to double of the normal load tariff.

α1 = α/2

α2 = α

α3 = 2α

;


β1 = β/2

β2 = β

β3 = 2β

;


BATP1 = ρ

BATP2 = 2ρ

BATP3 = 3ρ

(34)

For instance, scenario II involved in charging and discharging
modes by substituting the values of energy exchanged between
the grid and EVs, the related tariffs, and assumptions of (34) in
(31). So, the following result is obtained:

β ≤ 0.844α + 1.2× 10−4ρ (35)

Therefore, according to (35), the owners of EVs using V2G tech-
nology based on the proposed method can obtain a net profit
without paying for purchasing and charging the battery. How-
ever, some governments determine subsidies for the use of V2G
technology, which leads to a further increase in the owners’ prof-
its.
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Table 12. Comparison of the proposed method with FLC
method in charging mode

Scenarios Methods PG2V kW TG2V Hours Vnode p.u.

I EV2G = 648 kWh
Proposed 81 8 0.98135

FLC 170 3.81 0.963 < 0.98

II EV2G = 435 kWh

Proposed 54.4 8 0.9958

Proposed 60 7.25 0.99292

FLC 60 7.25 0.91 < 0.98

6. CONCLUSION

In this work, as regards the variability feature of EVs batter-
ies, either as a load or as an energy source a new approach is
proposed in which the objective function is variable. In the pro-
posed approach, the adjustment of the connection node voltage
and the coordination of the charging and discharging of EVs
batteries are considered as the variable objective functions. The
constraints of the proposed approach are the batteries SOC, the
connection node voltage, and the charging/discharging time.
The active and reactive power flows are controlled to achieve
the specified objective functions and using the advantages of the
V2G technology. A typical radial distribution system has been
modeled to demonstrate the V2G capabilities such as supporting
the grid in peak-load hours and reducing the voltage fluctua-
tions. The simulation results lend credence to the versatility of
the proposed approach in the proper performance of the grid
by controlling the connection node voltage, reducing the grid
losses in the peak-load hours, and coordinating the charging
and discharging of EVs batteries.
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