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a b s t r a c t

Plug-in electric vehicles (PEVs) seem to be an interesting new electrical load for improving the reliability
of smart grid. The purpose of this work is to investigate a supervision strategy based on regulated
charging of PEVs in order to guarantee an optimized power management of the system and consequently
a flatter power demand curve. The system mainly includes PEVs powered by a Lithium-ion battery
ensuring the charging and discharging operations of these PEVs at home and a daily load power
demanded by home appliances. The purpose of the considered strategy is to detect the connection status
of each PEV and to establish the priority order between these PEVs with certain flexibility which results
in managing the PEVs through seven operating modes. The response of the control algorithm enables to
ensure the power flow exchange between the PEVs and the electrical grid, especially at rush hours, and
to minimize load power variance aiming to achieve the smoothness for the power demand curve and to
reduce the stress of the electrical grid. The simulation results are presented in order to illustrate the
efficiency of this power control approach.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Up-to-date, the world has undergone a challenge in terms of
providing electricity and ensuring global energy requirements. The
challenge is mainly due to the shortage of primary energy resources
from conventional fossil fuels like natural gas, coal and oil [1]. As a
result, there is a great tendency to integrate the renewable energy
resources and the use of plug-in electric vehicles (PEVs) on the
smart grid in order to minimize reliance on conventional energy
resources, satisfy the energy demands and consequently decreasing
concerns related to global warming effects as well as the ones
related to energy crisis [2e5].

The excessive electricity consumption causes intense surges in
demand during peak hour which can cause undesirable impacts
and harm the stability of the existing network. That's why; some
researchers are working on ways to minimize load power variance
by using renewable energy sources. In Ref. [6], a stochastic multi-
objective daily volt/var control based on hydro-turbine, fuel cell,
wind turbine, and photovoltaic power plants are investigated. A
study in Ref. [7] has developed a new control strategy that involves
n).
wind and photovoltaic generation subsystems. This strategy has
been suggested with the objective of load power demand satis-
faction, storage and grid constraints verification in order to avoid
blackout. These methods have presented good solutions to reduce
load power variance and enhance power electrical system quality.
However, the common disadvantage of this renewable distributed
generation is their intermittent and unstable production due to
their dependence on weather change and climatic fluctuation.
Currently, power systems supervision has been changing leading to
accomplish renewable energies gaps and use new paradigms in the
functioning and improvement of power systems.

Plug-in Electric Vehicles (PEVs) as an emerging new electrical
load and a significant approach on smart grid, have attracted more
attention worldwide and have appeared as future solution towards
solving problems for the energy management owing to their
mobility and power storage properties [8,9].

In that, smart grid as a suitable concept has a potential to
improve grid modernization for making it more able to address
future need, more efficient and accommodating [10]. Some re-
searchers are interesting in smart meters, electricity storage tech-
nologies, and electrical local smart grids in which they develop the
design of coherent smart energy systems as an integrated part of
achieving future 100% renewable energy and transport solutions
[11,12]. Ref. [13] has presented the interest profits, risks and a
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challenge concerned in smart grid and has insisted on the impact of
the actual smart grid modernization for potential and reliable en-
ergy generation. Indeed, the need for new flexible electric power
with quality improvement leads to the development of the bi-
directional flow of electricity and information [14]. Communica-
tions flow is used to collect data supplied by meters and sensors
that can be used to permit both consumers and utilities to reply to
the grid status [15]. In this context, these PEVs are equipped by
batteries which can operate as a load on the grid known as grid-to-
vehicle (G2V) concept or as a power source known as vehicle-to-
grid (V2G) concept [16,17]. It has been proved that the V2G tech-
nology can describe an interactive relationship between PEVs and
the power grid [18,19], help to realize the balance between pro-
duction and consumption of power grid, participate in frequency
regulation [20], so as to flatten the variation of the load power
profiles [21], reduce cost [22] and integrate renewable energy
sources [23]. From these interesting benefits, various researches
have been carried out the PEVs and their integration into the grid.
Ref. [24] discusses the impact of PEVs and V2G technology to
integrate a highly level of wind generation without excess on
electricity production as well as greatly to minimize national CO2
emissions. Ref. [25] describes the main challenge of renewable
energy strategies to include the transportation field in these stra-
tegies for sustainable development purpose and discusses the po-
tential solutions for this challenge in Denmark case. Authors in
Ref. [26] have concentrated on the notions of G2V concept and V2G
technology, their economic benefits depending on the charging
strategies of PEVs (coordinated/uncoordinated charging) and their
effects on power distribution networks. Others in Ref. [27] are
working on the optimal scheduling of charging/discharging
behavior of electrics vehicles. They are adjusting the PEVs power
and are proposing a locally optimal scheduling scheme.

Researchers in Ref. [28] are working on the performance of
batteries for PEVs. They have exanimate the recent battery tech-
nologies for PEV and the most important parameters to maximize
the effectiveness and competitiveness of PEV battery on short and
long term. Ref. [29] has presented an estimated sample model-
based health management of Lithium-ion batteries for electrified
vehicles to maintain the battery lifecycle. A study in Ref. [30] has
explained new dynamic model at battery swapping station for
electric vehicles in electricity market.

Within the smart grid concept, much studies has been
concentrated on the active participation of demand-side response,
household electricity use and smart homes in terms of their
structures, components, and benefits [31e33]. An overview of
services offered by smart home and reveals key barriers to smart
home adoption was carried out in Ref. [34]. Authors in Ref. [35]
focus on the prediction of the next day energy consumption for
smart homes. Others in Ref. [36] proposed a home energy man-
agement system to manage household energy consumption aiming
to keep the customer comfort at a good condition. Moreover, there
are several studies aiming to reduce load power variance. For
instance, an energy retailer scheme that permits investigating de-
mand response in electricity supply is presented in Ref. [37] in
order to achieve load minimizing based on price elasticity using
Power Systems Computer Aided Design (PSCAD). An improvement
of the load variance in household smart micro-grid using charging
profiles of plug-in hybrid electric vehicles driven by the residents
was explored in Ref. [38].

Although these considered studies have elaborated different
aspects for PEVs charge scheduling, energy loss minimization and
consequently load power variance enhancing, however, it is notable
that there is not enough flexibility either in PEV time connection, or
in energy demand as well in duration of charging.

In this paper, a flexible control strategy of PEV operating in
seven modes is proposed. The aim is to satisfy the energy dis-
patching between PEVs and power grid and to minimize the load
power variance. For that, an appropriate algorithm must be ach-
ieved to generate the optimal required powers and avoid the high
electricity demand in peak hours. In fact, the main contribution of
this work is tomonitor the system under different operationmodes
of activation according to the following constraints: (i) the daily
load demand of the household appliances, (ii) the connection time
of the each PEV, (iii) the priority order and the state of charge (SOC)
value of each battery.

The algorithm presented is flexible and applicable for any house
equipped with two PEVs which could provide grid support by in-
jection or absorption of their optimal reference powers when
charging slot time that are available at home.

The flexibility of this approach is shown in PEV time connection
and their charge/discharge duration. Indeed, the bidirectional en-
ergy flow of vehicle to home (V2H) provides greater flexibility to
control the PEV battery energy which is one of the recent tech-
nologies. It can be considered not only as an electric load but also as
a storage system and thus a supplier of electrical demand at home
appliances. The focus of this considered strategy is thus, firstly, the
detection of the presence of each PEV taking into account the pri-
ority selection of PEV owner chosen charging time period, and
secondly, the availability of these PEVs to switch between many
power flow feasibilities according to seven operating modes with a
flexibility degree in order to achieve a flatter daily power demand
curve.

The paper is structured as follows: section 2 shows the
description of the studied system and the modeling of the battery
as an important electrical part in exchanging power for each PEV.
Section 3 details the control of PEV power generation. In section 4,
the power control algorithm applied to the studied PEVs taking into
account their connection status to the grid will be described. A
flexible strategy is investigated to show the impact of this regulated
charging on minimizing load power variance and flattening
consequently the daily power demand curve. The simulation re-
sults and the conclusion of this work are developed in sections 5
and 6, respectively.

2. System description and modeling

2.1. System description

The aim of this paper is to point out the high power of PEVs
which could provide significant flexibility in their connection time
and duration of charging when they are parked at home and to
demonstrate the appropriate merits of V2G technology. As shown
in Fig. 1, the studied home is equipped by AC powered devices, DC
powered devices associated to DC/AC power converters to connect
these load to the AC power grid and PEVs with their bidirectional
chargers.

Each PEV includes a Li-ion battery pack, an inductive filter L, a
bidirectional DC/DC converter, a DC link voltage bus, a bidirectional
DC/AC converter and a line which is represented as an RL filter.

The direction of the current is the criterion to define the charge
or discharge phase of the battery. Positive battery current de-
termines the discharging operation and negative battery current
determine the charging process. The L filter participates into the
chopper operation and smoothes the charge and discharge current
ripples. This inductor filter and the buck-boost DC/DC converter are
used to ensure the possibility of bidirectional power flow exchange
(charge/discharge) and to adjust the voltage levels between the
battery pack and the DC bus. Therefore, the DC/DC converter aims
to adapt the battery output voltage to the appropriate inverter
input voltage. The bidirectional DC/AC converter which is



Fig. 1. Scheme of home components.
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interposed between the DC bus and the line achieves the energy
transit from the DC bus to the appropriate AC values in order to
inject (or absorb) sinusoidal currents into the electrical grid [39].
This converter acts as a rectifier in chargingmode and as an inverter
in discharging mode. The RL filter is used to improve the quality of
current injected or absorbed to the grid, to attenuate harmonics
caused by the DC/AC converter and guarantee a three-phase voltage
source to attain a quasi sinusoidal voltage. The integration of both
communication and electrical power flows is the essential charac-
teristic of smart grid. The modern technologies in the smart
metering are essential to ensure a successful integration of PEVs
framework V2G concept, a dynamic PEV load as well as effective
information measured of the power demanded or supplied to grid
[40]. For that, it is assumed in this paper that each PEV have two
flows when it is plugged-in. In addition, a “flexible supervision
strategy of PEVs powers” is proposed to switch between different
operating modes, to ensure the dispatch of power between PEVs
and smart grid in a flexible way depending on the information
obtained by the smart meter, so as to reduce the load power vari-
ance and highly achieve the efficiency of the load power curve. This
strategy is applicable in any home in which the base load of the
household appliances is defined from the typical daily load profile.
2.2. Modeling of the battery

The PEV modeling will gain importance in the electric part. The
battery has an important effect on the V2G systems. This electrical
component assumes the power exchange between the PEV and the
power grid. The battery model in this study, as it is considered as
the most recent battery technology used in PEVs, is based on a
commercially lithium-ion (Li-ion). Lithium-ion battery was
selected in this work because the cell battery has a significant en-
ergy densities, high specific power, long lifetime, lightweight na-
ture, security, lower cost, lower waste of charge, and, potentially
higher voltage [41e43]. The simplest form of the “electrical battery
model” is a voltage source connected in series with an internal
resistance. It can be distinguished that there is a characteristic
equation of the battery voltage, for each operating mode.

The voltage source is modeled by the charge equation of
lithium-ion battery as follows [44]:

Vbatt ¼ U0 � R$i� K
Q

i$t � 0$1Q
i* � K

Q
Q � i$t

i$t þ Ae�B$i$t (1)

In discharging mode, the equation of the voltage source of
lithium-ion battery is described as [44]:

Vbatt ¼ U0 � R$i� K
Q

Q � i$t
i* � K

Q
Q � i$t

i$t þ Ae�B$i$t (2)

The state of charge (SOC) equation is based on coulomb count-
ing method. This method is simple to implement but the initial SOC
value should be known. The equation is written as follows [45]:

SOC ¼ 100
�
1� i$t

Q

�
(3)

In order to accomplish the demand of total voltage and current
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levels, many Li-ion battery cells are connected in series and/or
parallel configurations. The association of battery cell in series and
parallel determines a battery pack.

The series number cell of a battery pack NS is calculated as [46]:

NS ¼
UDC

U0
(4)

The number of parallel cells of battery packs NP is expressed as
[46]:

NP ¼ Ebat
ðEcell � DE�w$wcellÞ$NS

(5)

With:

DE�w ¼ a$1;4 (6)

The parameters of the studied PEVs battery cell are detailed in
the Appendix.

The SOC of the studied batteries should be maintained in an
operating range of limits in order to avoid the over-charge and the
Fig. 2. Control configuration of each PE
deep discharge of the battery:

SOCmin � SOC � SOCmax (7)

With:SOCmin ¼ 0;2; SOCmax ¼ 0;8:
The SOC depends on the distance run by each PEV. The

demanded energy for traveling Ptr depends on the distance run AD
and the vehicle efficiency mPEV as given in Ref. [47]:

Ptr ¼ mPEV$AD (8)

3. Control of PEV power generation

The control of each PEV power generation is achieved by the
control of the different power converters. This control, summarized
in Fig. 2, is classified into three parts. The first one illustrates the
control the DC/DC converter and the battery current.

-Current control: A PI regulator is used to adapt the battery
charge or discharge current to the reference value

00
Ibat�ref

00
. While

the positive battery current corresponds to a discharge phase, the
V structure for power generation.
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negative battery current corresponds to a charge phase. This PI
regulator is expressed by the following equation:

Um�bat ¼ Ubat � PI
�
Ibat�ref � Ibat

�
(9)

-Converter control: The main role of DC/DC converter is to adapt
the battery output voltage to the adequate inverter input voltage.
The control of the DC/DC converter is given by the duty ratio as
follow:

mbat�ref ¼
Um�bat

UDC
(10)

The second part corresponds to the DC bus control. A PI regu-
lator is used to control the DC bus voltage by setting the reference
current

00
Ibat�ref

00
. Then, the reference of the battery exchanged

power
00
Pbat�ref

00
can be calculated taking into account the needed

power to control the DC bus voltage
00
PDC�ref

00
and the power to

satisfy demands
00
PD

00
, as given by the following equation.

Pbat�ref ¼ PDC�ref � PD (11)

Indeed, the DC bus control depends mainly on the proposed
strategy which consists in controlling the battery state and calcu-
lating its needed reference power to be absorbed or supplied.

The third part which is depicted in Fig. 2 presents the DC/AC
converter control and currents control Indeed, the bidirectional DC/
AC converter ensures the control of the continuous voltage in grid
side as well as the exchange of active and reactive powers between
the PEVs and the grid. The injected or the absorbed currents are
regulated according to the different operating modes of the pro-
posed algorithm. This algorithm is developed to monitor the power
flows between each PEV and the power grid in order to make de-
cision to choose correctly the optimal references PEV powers
PPEV1;2�ref and to ensure a flatter daily load power curve.The reac-
tive power Qref is set to zero to ensure a power factor equals to one.
These reference powers yield the components park reference
currents

00
itd�ref ; itq�ref

00
for active and reactive powers management

goal. From the continuous voltage measurement and the modu-
lated voltages, the operating of this converter is assisted by the
computation of the reference phase voltages

00
Vmd�reg ;Vmq�reg

00
ac-

cording the following equations:

Vmd�reg ¼ 2
UDC

Vmd (12)

Vmq�reg ¼ 2
UDC

Vmq (13)

These voltages are used to generate the duty cycles of the
inverter control signals. In order to regulate the line-to-line volt-
ages, attenuate the generated harmonics and realize good perfor-
mances in tracking, two PI correctors are used to control the
connection line. This control permits, simultaneously the three-
phase voltage at the nominal frequency 50 Hz. The active and
reactive powers transmitted into the grid through the line are
calculated as follows:

PGrid ¼ VGd itd þ VGq itq (14)

QGrid ¼ VGq itd � VGd itq (15)
4. Proposed control strategy

In order to achieve an optimal flow of PEVs powers in smart grid
transaction, a power control strategy is investigated. The consid-
ered approach is applied for any house equipped with two PEVs.
This strategy, depicted in Fig. 3, permits power dispatching be-
tween these two PEVs and power grid and aims to minimize the
load power variance. Seven operating modes are considered to
calculate the optimal reference powers of the two PEVs

00
Pref�PEV1;2

00

absorbed or injected to the grid in case of lack or excess in load
demand, respectively. The proposed algorithm which is built on
“flexible supervision strategy of PEVs powers” as well as moni-
toring the system correctly into seven operating modes is estab-
lished to ensure the following roles:

� Receiving the daily load configuration data that describe the
studied household appliances, the connection state of the two
PEVs and the SOC of each battery.

� Establishing the priority order between these two PEVs with
certain flexibility.

� Assuring the powermanagement between the PEVs and loads in
order to reduce the stress of the electrical grid and achieve the
smoothness for the power demand curve.

� Controlling the batteries SOC and consequently avoiding the
deep discharge and overcharge of the batteries.

There are several conditions which are essential to ensure the
functioning of the algorithm suggested above. First, the proper
connection status of each PEV in which a specific PEV plugs-in at
the first of sometime-period and plugs-out at another time-period
must be ensured. Second, it is essential to maintain the initial value
of SOC of each considered PEV battery. Indeed, equation (7) dem-
onstrates the allowed minimum and maximum battery SOC of the
studied PEVs which need to be sustained within the allowable
levels to save the battery from deterioration and reduce battery
degradation. Finally, the total load power

00
PL

00
presented by daily

load profile and the reference average power of the studied
home

00
PR

00
are to be well maintained. It is assumed that the average

reference power consists on the average household load power and
the average required power for the distance run by each PEV as
expressed in equation (16).

PR ¼ 1
T

XT
t¼1

ðPL þ PPEV1 þ PPEV2Þ (16)

The control is done by calculating the amount of PEVs powers
needed to be absorbed or injected into the power grid

00
Pdiff

00
by the

considered equation:

Pdiff ¼ PL � PR (17)

At each instant, the number, the connection time, the priority
order of the considered PEVs and the sign of

00
Pdiff

00
are identified at

the same time.

� When there is an excess of load demand "Pdiff � 0
00
. In this sit-

uation,
00
Pdiff

00
should be injected into the grid from the PEVs.

Moreover, if the battery SOC value of the PEV is equal or less
than the SOCmin: the PEV must be connected and waits for
charging. Else, if the battery SOC value is more than the SOCmin,
then it is the V2G operation case. Indeed, the PEV acts to
decrease the excess required energy and feedback the stored
power into the grid.

� When there is a lack of power consummation
00
Pdiff <0

00
. In this

situation,
00
Pdiff

00
should be absorbed from the grid. If the battery



Fig. 3. Flexible supervision strategy of PEVs powers.
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Fig. 4. Total load power without PEV connection.
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SOC value of the PEV is equal or more than the SOCmax: the PEV
is charged and it is ready for being used. Else, if the battery SOC
value is less than the SOCmax; then it is the G2V operation. In
fact, the PEV operates to compensate this lack and absorb the
electric power from the grid.

This algorithm receives, first, the total load power
00
PL

00
, the

reference average power
00
PR

00
, the connection status of PEV number

one
00
CSPEV1

00
, the connection status of PEV number two

00
CSPEV2

00
, the

connection time of PEV number one
00
Tc1

00
, the connection time of

PEV number two
00
Tc2

00
, the battery SOC value of PEV number one

00
SOCPEV1

00
and the battery SOC value of PEV number two

00
SOCPEV2

00
,

as inputs, then, it is managed into seven operating modes:

4.1. Mode 1

This mode shows that no PEVs are connected to the grid. In this
case: the number of PEVs is equal to zero and the total PEVs power
is also equal to zero

00
PPEVt ¼ 0

00
because there is no power trans-

mitted to the grid.

4.2. Mode 2

This is the mode where one PEV is at home and is available to
join V2G or G2V operation. In this mode: the number of PEVs
detected is

00
N ¼ 1

00
which means that the connection status of PEV

number one is equal to one or connection status of PEV number two
is equal to one.

00
CSPEV1 ¼ 1 or CSPEV2 ¼ 1

00
:

The first case of mode 2 (mode 2.1) is obtained when
00
Pdiff

00
is

negative and the SOC of the connected vehicle
00
SOCcv

00
is less than

the SOCmax , thus the PEV operates to compensate the lack of energy
and absorb this quantity of power from the grid.

The second case of mode 2 (mode 2.2) is detected when
00
Pdiff

00
is

positive and the SOC of the connected vehicle
00
SOCcv

00
is more than

the SOCmin , so there is an excess of demand and the power quantity
needed

00
Pdiff

00
should be injected to the grid through this PEV.

According to these two cases: the power of PEV, when it is not
connected, is equal to zero

00
PPEVNC ¼ 0

00
and the total PEVs power is

equal to
00
Pdiff

00
which is equal also to the power of connected

vehicle
00
PPEVt ¼ PPEVC

00
.

4.3. Mode 3

It corresponds also to the availability of one
PEV

00
N ¼ 1

00
and

00
CSPEV1 ¼ 1 or CSPEV2 ¼ 1

00
, but the connected

vehicle expects the minimum or the maximum SOC. This mode is
obtained by two cases:

If
00
Pdiff

00
is negative and

00
SOCcv

00
is equal or more than the SOCmax,

thus the PEV is totally charged and ready for being used. It is in the
first case of mode 3 (mode 3.1) where the battery attends its
maximum

00
SOCcv ¼ SOCmax

00
.

If
00
Pdiff

00
is positive and

00
SOCcv

00
is equal or less than the SOCmin;

thus the connected PEV must wait for charging because its battery
expects its

00
SOCmin

00
. It is the second case of mode 3 (mode 3.2).

The two cases stated above indicate that the
00
PPEVNC ¼ 0

00
and

the total PEVs power is equal to the power of connected vehicle
which is equal to zero

00
PPEVt ¼ PPEVC

00
.

The following modes 4, 5, 6 and 7 will appear when there are
two PEVs

00
N ¼ 2

00
;

00
CSPEV1 ¼ 1 and CSPEV2 ¼ 1

00
. In this situation,

we have:

4.4. Mode 4

This mode is obtained by the activation of one of these two
cases:
When
00
Pdiff

00
is positive, the SOC of priority vehicle

00
SOCpv

00
is

more than the SOCmin and the SOC of secondary vehicle
00
SOCsv

00
is

more than the SOCmin , this is the first case of mode 4 (mode 4.1)
which is responsible for the discharging of the priority and the
secondary PEVs and feed backing power to the grid.

When
00
Pdiff

00
is negative, the

00
SOCpv

00
is less than the SOCmax and

the
00
SOCsv

00
is less than the SOCmax, which is the second case of this

mode (mode 4.2). This case is responsible for charging the priority
and the secondary PEVs.

Considering the two cases mentioned above, the total PEVs
power is calculated from the power of the priority PEV and the
power of the secondary PEV which is equal to:
00
PPEVt ¼ PPEVP þ PPEVS

00
.

4.5. Mode 5

There are, in this mode, two selected cases:
If

00
Pdiff

00
is positive, the

00
SOCpv

00
is equal or less than the SOCmin

and the
00
SOCsv

00
is equal or less than the SOCmin , the first case of

mode 5 (mode 5.1) is obtained. It is the case in which the batteries
of priority and secondary PEV reach their minimum SOC value.
Hence, these two PEVs should be connected and wait for charging.

If
00
Pdiff

00
is negative, the

00
SOCpv

00
is equal or more than the SOCmax

and the
00
SOCsv

00
is equal or more than the SOCmax ,the second case of

mode 5 (mode 5.2) shows that the priority and secondary PEVs are
completely charged and ready for being used because the batteries
SOC value attain their maximum value

00
SOCmax

00
.

These two cases demonstrate that there is no power exchanged
with the grid. Indeed, the power of the priority PEV is equal to zero
00
PPEVP ¼ 0

00
; the power of the secondary PEV is equal to zero

00
PPEVS ¼ 0

00
and the total PEVs power is equal

to:
00
PPEVt ¼ PPEVP þ PPEVS

00
.

4.6. Mode 6

In this mode, there are two interactive cases to distinguish:
When

00
Pdiff

00
is positive, the

00
SOCpv

00
is more than the SOCmin and

the
00
SOCsv

00
is equal or less than the SOCmin, which is the first case of

this mode (mode 6.1). The priority PEV is in discharging phase
which can inject the stored power to the grid and consequently
minimize load power variance, whereas, the secondary PEV attends
its

00
SOCmin

00
and must wait for charging.

When
00
Pdiff

00
is negative, the

00
SOCpv

00
is less than the SOCmax and

the
00
SOCsv

00
is equal or more than the SOCmax, which is the second

case of this mode (mode 6.2). The priority PEV is in charging phase



Fig. 5. Connection status of each PEV: (a) Man state connection. (b) Woman state
connection. (c) Number of vehicles.
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and the secondary PEV is ready for being used because it attains its
00
SOCmax

00
.

These two cases of this mode prove that:
00
PPEVS ¼ 0

00

and
00
PPEVt ¼ PPEVP

00
.

4.7. Mode 7

This mode is active when one of these two cases is obtained:
If

00
Pdiff

00
is positive, the

00
SOCpv

00
is equal or less than the SOCmin

and the
00
SOCsv

00
is more than the SOCmin, which the first case of this

mode (mode 7.1) is active, the studied algorithm calculates the
required power that should be injected to the grid by the secondary
PEV. In addition, the priority PEV reaches its

00
SOCmin

00
and must

wait for charging.
If

00
Pdiff

00
is negative, the

00
SOCpv

00
is equal or more than the SOCmax

and the
00
SOCsv

00
is less than the SOCmax, which the second case of

mode 7 (mode 7.2) is active, the studied algorithm calculates the
required power that should be absorbed from the grid by the sec-
ondary PEV. Furthermore, the priority PEV is fully charged and it is
ready for being used

00
SOCpv ¼ SOCmax

00
.

Fig. 6. Different operating modes.
This mode ensue the following results:
00
PPEVP ¼ 0

00

and
00
PPEVt ¼ PPEVS

00
.

5. Simulation results

In order to validate the effectiveness of the proposed control
strategy, simulation of the daily load demand curve smoothness
was implemented. The obtained results were investigated to verify
the different operating modes.

This approach was evaluated taking into account of the power
demand except for the PEVs connection which is depicted in Fig. 4,
the PEVs number, the connection status of each PEV and their initial
SOC. In this study, it is assumed that the maximum number PEVs is
two, one for a man and anther for a woman, where charging/dis-
charging phenomena are taking place in a residential location (at
home). The domestic load profile is based on the actual consump-
tion patterns of a family who lives within a necessary life. The
average power load is calculated taking into account the average
daily load consumption and the average daily PEVs consumption.

The batteries capacities of the man PEV and the woman PEV are
14 kWh and 11 kWh. Respectively the minimum and maximum
SOC limitations are set as 0.2 and 0.8. The power of each PEV
boundaries is selected: the minimum operating power to be sup-
plied to the PEV is PPEV�min ¼ �1:5 KW and the maximum oper-
ating PEV power to be injected to the grid isPPEV�max ¼ 1:5 KW .

To facilitate calculation, the simulations are done during one day
which is split into T time-periods where the length of each time-
period Dt is fixed at 15 min. Thus, there are 96 intervals during
the day. The priority order is chosen as the first PEV coming and
plugging into the house parking. Indeed, any time chosen may be
involved to join V2G operation by fixing the adequate time-period
which ensures the flexibility of the operation. Consequently, these
PEVs are assumed to begin charging at the start of a given time-
period and stops charging at the end of another time-period.

As shown in Fig. 5, themanPEV is plugged-in at 18 h and plugged-
out at 7:30 h of the next day. During [7:30, 12 h], this PEV is unavai-
lable to join smart grid system. At 12 h, he comesback home for lunch
and leaves at 15 h. During [15, 18 h], the man PEV is not at home.

In this scenario chosen, the woman PEV leaves home at 11 h and
returns at 12:30 h. Then, she leaves at 15 h in the afternoon and
rejoins the V2G operation at 17 h in the evening. During [21,
21:30 h], the PEV woman leaves home parking.

The PEVs number is deducted from the sum of connection status
of man and woman PEVs.

00
N ¼ CSPEV1 þ CSPEV2

00
(18)

The algorithm operating is well explicated in section 4, and
according it the PEV's seven operating modes of the total power are
recognized. Fig. 6 and Fig. 7 show the seven operating modes and
the different cases of the deduced modes form this strategy,
respectively.

During the following periods [0, 4 h], [12:30, 14:30 h], [20, 21 h]
and [22, 24 h], the proposed algorithm operates in mode 4.2 which
is the charging of the man and woman PEVs. However, the
discharge of both PEVs in mode 4.1 is done during [6, 7:30 h].
During these periods in where mode 4 is active, the total power
given by the sum of the priority PEV power and secondary PEV
power can considerably flatten the daily load power curve.

In the intervals [4, 5:15 h] and [18, 18:40 h], mode 7 is active
where the first interval corresponds to case of mode 7.2 and the
second interval corresponds to case of mode 7.1. The total power is
calculated only from the secondary PEV power because the priority
PEV battery expects the

00
SOCmin

00
or the

00
SOCmax

00
.

In the periods [5:15, 6 h] and [18:40, 20 h], the mode 5.2, where



Fig. 8. Charging profile of man PEV.

Fig. 9. Charging profile of woman PEV.

Fig. 7. Different interactive cases of the deduced modes.
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priority and secondary PEVs are totally charged and reached the
00
SOCmax

00
, and mode 5.1, where priority and secondary PEVs reach

the
00
SOCmin

00
, are respectively detected. During these periods,

mode 5 is observed in which no PEVs powers are exchanged and,
consequently, the total PEVs power calculated from the sum of the
priority PEV power and secondary PEV power is equal to zero.

In the intervals [7:30, 10 h], [12, 12:30 h] and [21, 21:30 h], mode
2 is obtained where the total power is calculated from only the PEV
connected to home parking. Indeed, during [7:30, 8:30 h] and [21,
21:30 h], mode 2.2 is active. The first period corresponds to woman
PEV injection power; however, the second period corresponds to
man PEV injection power. During [8:30, 10 h] and [12, 12:30 h],
mode 2.1 is obtained. In the first interval, woman PEV absorbs
power from the grid. Whereas, man PEV absorbs power from the
grid in the second interval.

In the periods [10, 11 h] and [17, 18 h], the total power deter-
mined by the woman PEV power is equal to zero because the bat-
tery attained its "SOCmax" in the first interval corresponding to
mode 3.1 and it reaches its

00
SOCmin

00
in the second interval corre-

sponding to mode 3.2. During these two periods, mode 3 is active.
In the time [11, 12 h], mode 1 is observed in which no PEVs are

detected and, consequently, the total PEVs power is equal to zero
which is the same result in the following interval [15, 17 h].

During [14:30, 15 h] and [21:30, 22 h], mode 6 is functional in
which the total power is given only by the priority PEV power (man
PEV). In fact, the woman PEV (secondary PEV) expects its

00
SOCmax

00

in the period [14:30, 15 h] corresponding to case 2 of mode 6.
Whereas, it reaches its

00
SOCmin

00
during [21:30, 22 h] corresponding

to case 1 of mode 6.
Fig. 8 and Fig. 9 illustrate the charging profiles of man PEV and



Fig. 12. State of charge curve of man PEV.

S. Khemakhem et al. / Energy 118 (2017) 197e208206
woman PEV during one day cycle. They show that the negative
powers correspond to charging cases where both PEVs consume
the difference power between the daily power requirement and the
reference average power

00
Pdiff

00
. Whereas, the positive powers

correspond to discharging cases where PEVs feedback the stored
power to the grid.

From the power profile of man PEV, it is observable that, during
[7.30, 12 h] and [15, 18 h], the man PEV does not absorb or supply
electrical power because it is not connected from the grid. As far as,
in the following intervals [11, 12 h], [15, 17 h] and [21, 21:30 h], the
woman PEV is not at home and, consequently it does not join the
V2G system.

Both man and woman battery current curves are shown in
Fig. 10 and Fig. 11, respectively. These results confirm the chosen
convention in which negative currents are dedicated for charging
cases and positive currents for discharging cases.

The charging/discharging operation can be also confirmed by
the evolution of battery SOC curve in time as presented in Fig. 12
and Fig. 13. As it seen, both man PEV and woman PEV have a spe-
cific SOC curve for their batteries during one day. It is notable that
the PEV charging and discharging will be established according to
initial SOC value in every connection to the grid. It is observable also
that the discharging is accompanied with a little diminution of SOC
curves of both batteries.

Fig. 14 shows the comparison of the power curves. It can be
deducted that, by the implementing of this control algorithm, the
daily load demand curve can be considerably flatten. Indeed, the
Fig. 10. Man battery current curve.

Fig. 11. Woman Battery current curve.
total load power curve with PEVs connection in red coincides with
the reference average power load curve in green during charging or
Fig. 13. State of charge curve of woman PEV.

Fig. 14. Comparison of load power curves.
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discharging operation. Whereas, the total power load in blue curve
remains unchanged which is in the case where PEVs are not con-
nected or not available to supply the stored energy to the grid.
6. Conclusion

In this paper, a flexible control strategy of two PEVs operating in
seven modes is investigated. This control allows the detection of
PEVs with their priority order in a first step and the availability of
these PEVs to switch between different operating modes of acti-
vation with certain flexibility in a second step. The aim of this
proposed algorithm was to manage the bi-directional power flow
between the considered PEVs and power grid in order to achieve a
smooth daily load power curve. This technique favors the integra-
tion of regulated charging of PEVs connected to home parking in
order to provide grid support by injection or absorption of their
optimal required powers and avoid the high electricity demand
especially in peak hours. Simulation results were implemented to
prove the effectiveness of the applied approach, its ability to flatten
the total power demand curve and therefore to enhance the AC grid
power qualities. This strategy can be generalized at each node and
therefore for the whole network.
Appendix
Li-ion battery cell (3.3V, 2.3 A h) parameters.

Parameters Value

Battery constant voltage 3:366 V
Internal resistance 0:01 U

Constant Polarization 0:0076 U

Exponentiel zone amplitude 0:26422 V
Exponential zone inverse constant time 26:5487 ðAhÞ�1

Weight of the battery cell 0:07 Kg
Slope of PEV inclination 0:025
Battery cell energy 7:59Wh
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Nomenclature

Ubatt : Battery voltage (V)
U0: Battery constant voltage (V)
R: Battery internal resistance (U)
K: Constant Polarization (U)
i: Battery current (A)
i:t: Actual battery charge (Ah)
i*: Battery filtered current (A)
Q: Battery capacity(Ah)
A: Exponentiel zone amplitude (V)
B: Exponential zone inverse constant timeðAhÞ�1

DE�w: Energy variation versus weight
a: Slope of PEV inclination
Ecell: Battery cell energy
wcell: Weight of the battery cell
Ebat : Battery provided energy
NS: Number of battery cells connected in series
NP: Number of battery cells connected in parallel
mPEV : Efficiency of the vehicle
Um�bat : Modulated voltage of DC/DC converter(V)
Im�bat : Modulated current of the battery (A)
Lbat : Battery filter inductance (H)
UDC ; IDC : DC bus voltage (V) and current (A)
CDC: DC bus capacitance (mF)
im�inv: Inverter input current (A)
itd ; itq: d and q line currents (A)
Vmd;Vmq; : Direct and quadratic components of the DC/AC converter voltages (V)
VGd;VGq: Direct and quadratic components of Grid voltages (V)
U: rotational speed (rad s�1)
Rt: Line resistance (U)
Lt : Line inductance (H)
N: Number of PEVs
CSPEV1: Connection status of PEV number one
CSPEV1: Connection status of PEV number two
Tc1: Connection time of PEV number one
Tc2: Connection time of PEV number two
PL: Total load power in a home appliances
PR: Reference average power of home
PEVC: Connected PEV
PEVNC: Not connected PEV
SOCmin: Minimum value of the battery SOC
SOCmax: Maximum value of the battery SOC
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