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ABSTRACT Recently, electric vehicles (EVs) have proven remarkable impacts on reducing pollution and

their suitability for utilizing renewable energy sources (RESs) instead of fossil fuels. The continuously

increasing number of installed EVs has encouraged their employment for performing additional functional-

ities in utility grids. This paper provides study for the impacts of EV integration approaches on enhancing

the operation of utility grids. The proposed study considers the targeted renewable energy powered utility

grids with installed energy storage devices. Wind energy has been utilized as a case study for the RES

with considering its stochastic characteristics and its continuous fluctuations with wind speed. Additionally,

the superconducting magnetic energy storage system (SMES) device is chosen due to its promising long-life

operation. The various aspects of point of common coupling (PCC) voltage fluctuations, reactive power

support, leveling active power of the on-peak period, and power losses are considered in the proposed study.

Moreover, fuzzy logic controller (FLC) systems have been proposed for controlling EVs and the SMES

device. The energy management between the installed EVs, SMES, wind, and utility grid side is achieved

through the coordination of the FLC systems. The results show that reduced peak and mean values of total

power losses and line active power are obtained by the proposed coordination method. Moreover, improved

profiles of the PCC voltage, reactive power support, active power leveling, and sustainable and reliable power

supply are obtained by the proposed method for wide operating ranges and modes of operation.

INDEX TERMS Electric vehicles (EVs), energy management, fuzzy logic controller (FLC), renewable

energy, superconducting magnetic energy storage (SMES), wind energy.

I. INTRODUCTION

IN the last decade, an exponential increase of renewable

energy source (RES) installations has been achieved in utility

grids to get over the various problems of traditional fos-

sil fuel sources [1], [2]. Among the various existing RESs,

wind energy represents one of the most promising directions,

as a reduced cost and high power generation source [3].

Therefore, high penetration levels of wind energy systems

have been found world-widely. Based on the annual energy

reports, the capacity of installed RESs reached more than

The associate editor coordinating the review of this manuscript and

approving it for publication was Vigna K. Ramachandaramurthy .

200 GW by the year 2019 [4]. In which, the global share of

wind energy generations was about 19% of the total installed

RESs by 2019. There are several generation types for wind

energy systems, including the doubly-fed induction generator

(DFIG), permanent magnet synchronous generator (PMSG),

and squirrel cage induction generator (SCIG) systems [5], [6].

The SCIG wind systems have found wide applications due

to their reduced cost and high reliability. In addition, SCIG

systems eliminate the need for the components that require

continuous maintenance, such as the brushes, exciter, and slip

rings.

From another side, electric vehicles (EVs) have found

worldwide market as efficient, environmentally friendly, and

45754 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
VOLUME 9, 2021

https://orcid.org/0000-0003-2911-2172
https://orcid.org/0000-0002-3874-3171
https://orcid.org/0000-0002-9236-7840
https://orcid.org/0000-0001-5271-2681
https://orcid.org/0000-0003-0386-3138


H. S. Salama et al.: Studying Impacts of EV Functionalities in Wind Energy-Powered Utility Grids

means of transportation without fossil fuel requirements [7].

The fossil fuel-powered conventional transportation systems

were the first choice previously, which have lead to increased

demands of fossil fuel. Therefore, research and industry

efforts have been directed towards new transportation sys-

tems that can be powered from another new, renewable, and

clean sources [8]. In 2019, the sales of EVs have achieved

an increase by more than 2.1 million cars with respect to

the achieved sales in 2018, which account for about 2.6%

of global car sales [9]. Meanwhile, the stock of EVs has

increased to 7.2 million, which represents 1% of the global

car stock in 2019. The continuous movement towards using

the new technologies of electrification in various types of

EVs has led to a significant expansion of their markets [10].

Thence, ambitious plans have been put by several countries

for increasing share of EVs in the market, which rely on regu-

latory and other structural measures, including zero-emission

vehicles mandates, and fuel economy standards.

However, wind energy systems have exhibited a fluctu-

ating nature due to the dependency of the output power

on the operating wind speeds [11]. Additionally, the con-

nected loads in the utility grids are continuously subjected to

changes in the demanded active/reactive power. The stochas-

tic behavior of wind generation and demanded loads has

imposed several challenges on the operation, control, and

sizing of utility network components [3]. The utilization of

various types of energy storage systems (ESSs) has proven

efficient and vital solutions for various utility applications

[12], [13]. Several incredible benefits can be obtained by

employing ESSs in power systems through solving the inter-

mittent power generation issues. Several types of ESSs

have been widely used, including the electrical-based ESSs

(superconducting magnetic energy storage systems (SMES),

and supercapacitors), thermal-based ESSs (thermal fluid,

ceramic thermal, and hot water), mechanical-based ESSs (fly-

wheel, pumped hydro, compressed air), and chemical-based

ESSs (battery and hydrogen fuel cell) [14]. Among the

various existing ESSs, the SMES is widely preferred due

to its fast response, which makes it feasible for respond-

ing to fast charging/discharging commands [15]. Addition-

ally, the cooperative management between microgrids [16],

resilient operation of microgrids [17], energy management

systems of microgrids [18], optimal scheduling of micro-

grids [19], have gained wide concerns in recent research.

Additionally, the targeted high number of EVs in opera-

tion would result in additional stresses on the control and

operation of electrical power systems due to the increased

charging/discharging power [20]. They also represent addi-

tional stochastic system for utility grids. This in turn has

made the integration of EV impacts the operation and control

stage of electrical power systems [10]. The various control

methods of EVs and the increased share of power system

capacity can make considerable effects on the power sys-

tem performance [21]. For instance, controlling the charging

power and/or time can shape the demanded power in utility

grids. Moreover, the resulting excess power from RESs can

used directly to feed the charging power for EVs [22]. The

connected EVs can also be used as ESSs for balancing the

supplied and demanded electricity, and hence a smooth inte-

gration of RESs can be ensured.

The various control functionalities of EVs in electrical

power systems can result in several harmful consequences,

especially from the supply reliability point-of-view [23].

The uncontrolled charging of EVs does not impose restric-

tions on the owner side, which may lead to serious impacts

on the power systems. The return of employees to their

homes between hours 5 and 8 pm happens simultane-

ously with the increase in power consumption by home

appliances [24], [25]. This in turn leads to a large increase

of the peak demanded load and its duration hours. Besides,

additional power losses, voltage fluctuations, and electricity

prices are expected to increase and hence decreased sus-

tainability and reliability of the electrical networks result as

consequences [26], [27]. Therefore, research concerns have

been increased towards proposing intelligent control and bet-

ter utilization of the various connected EVs, and ESSs in

coordinated manner so as to enhance the performance of

electrical power systems.Moreover, the impacts of controlled

charging solutions on the on-peak load demand period are

essential to be studied in details [28]. The different controlled

charging and discharging of EVs can provide flexibility for

the owners to discharge during on-peak periods while charg-

ing at reduced load periods. Thus, the various functionalities

that can be made by EVs and the coordination between EVs

and ESSs are highly important, and they represent the main

objectives in this paper.

In the literature, the various types of uncontrolled charging

and controlled charging techniques with lithium-ion battery-

powered EV systems have been discussed in [29]. The

fuzzy logic control (FLC) has been employed for wind sys-

tems to mitigate the under-voltage problems. The stochastic

mixed-integer linear programming method solved by GAMS

toolbox has been presented in [30] for achieving optimal

rated power of integrating the controlled charging battery

ESSs multi-level charging facility between controlled charg-

ing battery ESSs andwind energy generation systems. In [31],

a three-level game theory based approach has been proposed

for the energy management between the EVs and their charg-

ing stations. In which, the charging stations are considered

independent decision maker for the energy scenarios and the

system operator is also included as master decision maker.

In [32], a robust optimization scheme for optimized and stable

operation of EV aggregators with considering the uncertain-

ties of market prices has been proposed.

In [33], the hull moving average and gravitational search

algorithm has been proposed to smooth voltage fluctuations

for studying the impacts of lithium-ion and NiMH based

EVs with controlled charging and discharging. The wind and

photovoltaic (PV) generation systems are utilized in the study.

A comparison between the various approaches of integrating

EVs in PV systems has been introduced. Additional study

has been presented in [21] for studying the impacts of daily
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load demands and PV generation profiles on the SMES sys-

tems. The reactive power dispatch has been achieved through

improved efficiency sharing between the available inverters.

In [34], a control method has been proposed to mini-

mize the charging cost of uncoordinated EV charging load

model based on multi-objective optimization techniques in

the presence of PV and battery systems. An optimal schedul-

ing method using the stochastic model integrated with wind

energy and fuel cells for microgrids with EVs has been

proposed in [35]. The various effects of fast charging infras-

tructures for EVs in distribution systems have been dis-

cussed in [36] based on the controlled charging process

without considering the RESs and ESSs. In [37], an electric

vehicle-virtual power plant (EV-VPP) model has been pro-

posed to overcome the problem of the transformer loading in

addition to reducing the prices for congestion. A hierarchical

control system (HCS) has been proposed in [38] with PV,

battery, and flywheel to mitigate the low and high frequency

fluctuations and to achieve DC voltage and power control

functions.

Stimulated from the above-mentioned literature review,

this paper provides a detailed study of the impacts of the

integration approaches of EV systems on the operation of

wind energy powered electrical power systems. Table 1 sum-

marizes the contributions in this paper compared to exiting

literature. The main contributions in this paper can be sum-

marized as follows:

• The study of various impacts of control approaches and

functionalities of EV systems on the performance of

electrical power systems is presented in this paper. The

various aspects of point of common coupling (PCC)

voltage fluctuations, reactive power support, and power

losses are considered in the proposed study.

• The stochastic characteristics and the continuous fluctu-

ations of the wind, load demand, and EV loading profile

are considered in the proposed study. The electricity

prices are employed as inputs for the proposed energy

management method.

• A coordinated control method based on FLC systems is

proposed for EV systems with SMES for improving the

peak load demand and its duration.

• Minimization of the dissipated power losses is investi-

gated in this paper through the various functionalities

that can be handled by EVs.

The remaining of the paper is organized as follows:

Section II presents the modelling of the studied utility grid

system. The various control methods of EVs in utility grids

are presented in Section III. The proposed coordinated FLC

systems for SMES and EV systems are detailed in Section IV.

Section V provides the results of the simulated case study.

Moreover, discussions and comparisons of the obtained

results are provided. The paper is concluded in Section VI.

II. THE POWER SYSTEM STRUCTURE

There are several challenges facing the installations of wind

energy systems and EVs in power systems. The coordination

and control of the various connected sources, loads, and ESSs

are crucial issues for the efficient and stable operation of

power systems. Proper utilization of the available sources and

ESSs can lead to more efficient operation for power systems.

Moreover, it can lead to more efficient and reliable operation

for the other parts of the power systems, including transmis-

sion lines, transformers, circuit breakers, etc. The benefits of

improved controllers can be related to technical and economic

issues of the power system. The technical benefits are related

to mitigating the fluctuations from the wind energy source

and fluctuated electrical loads. Therefore, continuous reliable

power supply can be obtained. The economic benefits are

achieved through better utilization of the connected devices

to the grid to perform several additional tasks. This in turn

is beneficial for reducing the number and capacities of the

required devices.

The simplified single line diagram representation of the

considered power system in this paper is shown in Fig. 1. The

considered power system includes the connected wind energy

generation system, the SMES device, residential loads, and

EVs. The connection of the different devices to the PCC

is achieved through step-up power transformers. The coor-

dination control systems have to read the measured output

power from the connected devices and the electricity price

and the other required signals related to the devices, and then

generate the control commands in accordance. In addition,

the reactive power has to be controlled so as to provide local

supply through the connected devices. This in turn eliminates

the need for absorbing reactive power from the grid that

results in reducing the losses of transmission lines. Therefore,

these issues and challenges have lead researchers to develop

new control techniques and they will be covered through this

paper.

FIGURE 1. Single line diagram for the considered system with wind
generation, SMES, residential loads, and EVs.

A. WIND ENERGY MODELLING

There are several types of the utilized generation system

for wind energy. Each type of the generation has different

power conversion structure and different affects on the reac-

tive power injection/absorption with the grid. The SCIG type

is selected in this study for representing the wind energy

generation side. In wind systems, wind turbines have to be

controlled to extract the available maximum power from the

wind system. Whereas, the safety requirements require that if

the wind speed is higher than safety limits, the output power
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TABLE 1. Comparison of the contribution in this paper with featured literature review.

from the wind system is limited to its nominal value through

pitch control mechanisms. The extracted output power from

the wind PWT can be expressed as the following [39]:

PWT =
1

2
ρ π R2 v3 Cp(λ, β) (1)

where, ρ,R, v, andCp denote to air density, blade length, wind

speed, and efficiency of power extraction for thewind turbine.

The estimated Cp is dependent on the tip-speed ratio (TSR)

λ, and pitch angle β. The TSR of wind turbines depends on

blade length, wind speed, and its rotational speed. The TSR

is estimated as follows:

λ =
R ωl

v
(2)

where, ωl denotes to the wind turbine rotational speed. The

efficiency at the maximum power point (Cp,MPPT ) is obtained

for any particular TSR value (λopt ). To preserve the operation

at the maximum power, there is a unique speed to operate

the wind turbine due to the correlation among Cp and λ.

At the normal operation, pitch angle β is maintained at zero.

Using (1) and (2), the extracted power from the wind turbine

can be expressed as follows [39]:

PWT =
1

2
ρ π R5 ω3

l

Cp(λ)

λ3
(3)

Whereas, the wind turbine torque is expressed as fol-

lows [39]:

TWT =
PWT

ωl
= K ω2

l (4)

where, K is expressed as follows:

K =
1

2
ρ π R5

Cp(λ)

λ3
(5)

At operation with optimized value for TSR, i.e. λopt ,

the efficiency of power extraction becomes maximum

(Cp,max). Therefore, the wind turbine speed is controlled to

maintain the optimum λopt .

B. SMES MODELLING

The SMES represents a promising ESS that has long lifetime,

high efficiency, and fast response. This has resulted in apply-

ing SMES systems in several applications and functions in the

power system. The SMES operates through storing electrical

energy in magnetic energy forms. The SMESmainly includes

large inductance from superconducting materials, which has

to be operated under its critical temperature to be maintained

in the superconductor state. The main components of the

SMES power circuit are shown in Fig. 2. It can be seen

that the SMES coil side is operated by a bidirectional dc-dc

power converter. The control of the operating duty cycle of

the converter can control the charging/discharging operation

of the SMES. The second part is the dc-link capacitor side,

which performs the power decoupling function between the

dc side power and the ac side power. The third part is the

bidirectional dc-ac power inverter. The two level converter is

selected in the proposed system as a commonly utilized topol-

ogy. Each phase leg has two power switches, which operate

in complementary manner. The bidirectional dc-dc power

inverter has to control the operating status of the SMES with
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FIGURE 2. The power circuit and components of the SMES system.

the utility grid system to be in charging/discharging/standby

modes. Moreover, the dc-ac power inverter can participate in

controlling the reactive power flow from/to the utility grid.

The stored energy in the SMES Esm is dependent on the

value of the SMES inductance Lsm and the current of the

SMES Ism. It can be expressed as follows [40]:

Esm = 0.5 × Lsm × I2sm (6)

In addition, the active power of SMES PSMES , the voltage

across the SMES Vsm, voltage over the dc-link Vdc, and the

operating duty cycle Dm of the dc-dc power converter can be

related as follows [40]:

PSMES = Vsm × Ism (7)

Vdc =
Vsm

(2Dm − 1)
(8)

III. FUNCTIONALITIES OF EVs IN UTILITY GRIDS

With the increased numbers of EVs, they have become influ-

encing elements in utility grid performance. The control

of the charging/discharging time and type can change the

generating and/or loading behavior of the grid. There are

several control modes for EVs in the utility grid. The most

featured ways for controlling EVs are (i) uncontrolled charg-

ing, (ii) controlled charging, and (iii) controlled charging

and discharging integration approaches. In the uncontrolled

charging integration approach (UCCIA), the existing EVs

are connected without control from the utility grid operators.

Therefore, they do not participate in additional functionalities

in the utility grid system. The EV owners do not have any

restrictions on charging time for EVs and they can charge

them at any time. This control strategy adds several chal-

lenges and stresses to the power systems operation. Usually,

owners start the charging process immediately after returning

home between 5 p.m. to 8 p.m. [21]. In the same time slot,

residential loads start and the loading behavior increases in

accordance.

From another side, adding improved control strategies

for EVs would provide better utilization for their inherent

energy storage batteries. The first method is achieved through

the controlled charging integration approach (CCIA). In this

approach, the charging process of EVs is restricted during

the on-peak loading time slot. Therefore, the loading profile

of the system is improved compared to the UCCIA. This

process utilizes the recent advancements in the communica-

tion systems and the smart grid concepts and components.

Another approach has been presented through the controlled

charging and discharging integration approach (CC/DIA) for

EVs. In this mode, the charging time of EVs is restricted in

addition to the participation of the EVs in discharging for

supplying the loads during the on-peak loading and/or low

wind generation scenarios. Therefore, this approach enhances

the utilization of the already available EV storage compo-

nents to participate in the utility grid regulation and genera-

tion/loading balance. This can also eliminate the need for new

installations and/or increase capacities of the required ESS in

utility grids. It has become clear that EVs can take several

integration approaches with utility grids with distinguished

effects on the power systems performance.

The current study in this paper is based on EV models of

Nissan Leaf EVs, which have Li-ion batteries with 24 kWhr

capacity in each EV. It is considered in the study that the

SOC for EVs in the initial state equals to 20% with efficiency

of 90%with power rating of 6.6 kW. The start time of EV con-

nections is usually modelled using the Gaussian distribution

as follows:

f (t, µ, σ ) =
1

√
2πσ 2

exp
(
−(t−µ)2

2σ2
)

(9)

Fig. 3 shows the daily profile for the connection of EVs

in the selected study. The study considers a mean value for

the distribution of 18, and standard deviation of 5. In the

selected study, there are 8 buildings with 12 apartments in

each building. Therefore, there are total of 96 apartments and

setting the penetration level of EVs to 50%, and the total

number of 48 EVs are supposed in the studied system.

FIGURE 3. The daily profile for EV distribution in the selected case study.

IV. THE PROPOSED FLC METHODS AND THE

COORDINATION ALGORITHM

In this section, three main contributions of the paper are

presented, including the SMES side FLC method, the EV

side FLC method, and the proposed coordination algorithm.

The coordination method controls the timing and the power

flow among the different connected devices in the power

system based on the collected information through the com-

munication devices. The control signals are sent to the local
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SMES controller and EV controller so as to provide the

different functionality in the power system. The EV controller

is responsible for controlling the charging/discharging opera-

tions of the connected EVs. Whereas, the SMES controller is

responsible for controlling the charging/discharging/standby

modes for the SMES. The available communication infras-

tructures are responsible for supplying the control system

with the current electricity prices and the power flow at

the PCC. Therefore, possible coordination methods can be

applied to provide improved technical and economical oper-

ation of the power system. Fig. 4 shows the main components

and structure of the proposed controllers.

FIGURE 4. The structure and components of the proposed controllers and
coordination systems.

Moreover, FLC systems have been found in several indus-

trial applications and the market for decades. The main ben-

efits of applying FLC systems are represented by their capa-

bility of dealing with nonlinear control systems, providing

adaptive control of the system, and dealing with multiple

objectives simultaneously. The concept of FLC systems is

based on linguistic manners, which are similar to logical

human thinking. The FLC system simulates the human rea-

soning capabilities. Moreover, FLC systems can handle the

various constraints of the system. FLC systems are selected in

this paper as smooth, simple, feasible solution with low cost

microcontroller implementations, and fast control systems.

A. FLC FOR THE CONNECTED SMES

Fig. 5 shows the structure of the proposed SMESFLC system.

The proposed FLC is responsible for managing the different

operating modes of the SMES. The proposed controller has

two different inputs and one output to control the SMES. The

first input is based on the sent information about the PCC

power. The connected devices to the power system at the

PCC are the wind generator, the residential loads, the EVs,

the SMES, and the grid supply. The connected devices have

the function of the local power supply for the loads. The

power difference Pdiff is based on subtracting the load power

Pl from the available wind power PWT . In addition, the

FIGURE 5. The proposed FLC for the SMES side control.

difference power Pdiff with EV power are used to represent

the PCC power. Therefore, the absorbed active power from

the grid source is minimized through achieving better uti-

lization of the available wind power and storage devices.

The second input to the FLCmethod is the SOC of the SMES

device, which is represented by the SMES current.

The FLCmethod normally has threemain stages, including

(i) the fuzzification stage, (ii) the interface engine and fuzzy

rules stage, and (iii) the defuzzification stage. The fuzzifi-

cation stage has the responsibility of converting the input

variables of the controller into linguistic inputs that can be

recognized by the FLC system. Each of the two inputs is

implemented in this stage by five different levels using the

Gaussian shape of membership functions (MFs). Each input

is divided into five different levels, including big-positive

(BPos), positive (Pos), zero (Zero), negative (Neg), and

big-negative (BNeg). In the second stage, the manipulated

inputs based on the MFs are evaluated with the fuzzy rules.

The logic of the proposed fuzzy rules is extracted based on the

different operation modes of the SMES. The duty cycleD for

the bidirectional dc-dc converter has three different operating

regions, which result in three different scenarios. If the duty

cycle is maintained at 0.5, the SMES operates in the standby

mode. In this scenario, the SMES does not contribute to

the active power flow of the system. Whereas, the SMES

operates in the discharging mode if the duty cycle is lower

than 0.5. In the third scenario, the duty cycle is higher than

0.5 and the SMES operates in the charging mode. The third

stage in the FLC is the defuzzification stage, which gener-

ates the output command based on the estimated fuzzy rules.

The output is represented by five different levels, including

the fast-discharge (FDCh), the discharge (DCh), the no-action

(NOA), the charge (Ch), and the fast-charge (FCh) levels.

Table 2 shows the fuzzy rules in the proposed FLC design.

TABLE 2. The various fuzzy rules in the proposed SMES FLC method.

B. FLC FOR THE CONNECTED EVs

With the increased number of EVs in the electrical grids,

proper control can maximize the benefits of their storage
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devices. Based on the employed control method, EVs can

participate in different functionalities in power systems using

their storage devices and inverter systems. In this section,

the various designs of FLC systems are presented for achiev-

ing the various operating modes and functions. Two main

designs are presented based on the CCIA and the CC/DIA

control methods.

There are two inputs in the designed FLC systems for EVs

in this study, including the electricity price rate (Crate), and

the SOC of the connected EVs. According to the FLC rules

and the required functionality, the connected EVs are con-

trolled and their charging/discharging rates are determined.

The input MF of the SOC is represented by five different

sets that correspond to different levels of their SOC. The five

levels are defined as very-small (VS), small (S), medium (M),

high (H), and very-high (VH) levels. The triangular shape of

MFs are used to represent the SOC input for the EV FLC

method. The second input is based on the electricity price

rate, and a threshold for the price is used to divide it into

three main categories for the MFs. They are represented by

the low price region (LPr), medium price region (MPr), and

high price region (HPr). The trapezoidal shape ofMFs is used

to represent this input for the FLC system. The representation

of the two inputs is the same for both the controlled charging

approach and the controlled charging/discharging approach.

Firstly, the fuzzy rules for the CCIA are shown in Table 3.

The control of EVs in this approach is achieved through

representing the output of the FLC with five different con-

trol command regions. They can be classified based on the

charging speed into very-low charging (VLCh), low charging

(LCh), medium charging (MCh), high charging (HCh), and

very-high charging (VHCh). The triangular shape of MFs is

used for representing the output for the FLC method. In this

approach, the connected EVs are controlled through their

charging time, whereas they do not participate in supplying

the electrical grid with electrical power from their storage ele-

ments. This approachmotivates the EV owners to charge their

EVs during off-peak loading periods and the low electricity

price time slots. Thence, improved loading and control of

the power system are obtained compared to the uncontrolled

charging approach.

TABLE 3. The various fuzzy rules in the CCIA scenario for EVs.

Secondly, the fuzzy rules for the CC/DIA are shown

in Table 4. In this approach, the EVs have more participation

TABLE 4. The various fuzzy rules in the CC/DIA scenario for EVs.

FIGURE 6. The FLC method for the connected EVs.

in the regulation of electrical power grids through employing

their storage devices as ESS, in addition to controlling their

charging times and amounts. The output of the FLC system

in this approach is represented by five different sets as high

charging (HCh), low charging (LCh), zero (Zero), low dis-

charging (LDCh), and high discharging (HDCh). By applying

this approach, the owners of EVs have more flexibility in

charging their EVs during the off-peak loading periods and

low electricity price periods. Whereas, they can discharge

and sell electricity to the utility grid during the on-peak

loading and the high electricity price periods. The SOC of

the connected EVs is taken into consideration in the control

process. The application of this approach can lead to more

regulation of the electricity demand curves, controlling the

on-peak loading, and having ESS reserves in utility grids.

Hence, more reliable power supply can be obtained using the

controlled charging/discharging approach.

C. THE PROPOSED MANAGEMENT ALGORITHM

In this section, a cooperative energy management strategy

is presented for controlling the various devices in the utility

grids at the PCC. Each of the connected devices can par-

ticipate in improving the performance of the power system.

Moreover, the coordination between the SMES and the EVs

can be achieved, in addition to adding more functionalities to

the EV systems. Each of the connected SMES and EVs has

its local controller, which performs the regulation function

of the measured voltages/currents so as to follow required

references. Whereas, there is an additional central controller

that manages the share of active/reactive power among the

connected devices. The main objectives and priorities for the

management algorithm can be summarized as follows:

• Minimizing the absorbed active and reactive electrical

powers from the utility power grids so as to preserve

local power supply for the residential loads.

• Operation of the connected devices in a cooperative

way to mitigate the continuous fluctuations of the wind

energy and the electrical loads.

• Controlling the voltage at PCC to be within the prede-

fined limits and constraints by the utility grid operators.

• Studying various impacts of the different control

approaches of EVs in utility grids.

• Achieving more economical operation for the owners of

EVs to encourage them to cooperate interactively with

the utility grid performance management.
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FIGURE 7. Flowchart of the proposed energy management algorithm.

• Achieving reliable power supply operation by consider-

ing the intermittent wind generated power with different

loading and EV control approaches.

Fig. 7 shows the flowchart for the proposed energy man-

agement algorithm. The proposed algorithm is divided into

two parts, including the active power management, and the

reactive power management. The proposed algorithm is orga-

nized as follows:

Step 1: The various measured signals are collected and

fed into the proposed central energy management algorithm

through the available metering infrastructures. The measured

parameters include: load active power Pl and load reactive

power Ql , the connected EVs and their SOC, the SOC of the

SMES, the generated wind power PWT , and the voltage at the

PCC.

Step 2: The control of active power flow is achieved to pro-

vide control for the loading curves, local power supply, and

economical operation of EVs.When the wind power is higher

than the required residential load, the extra power is utilized

to charge the EVs and the SMES according to the electricity

prices. A priority is given to the EV charging operation when

their SOC is lower than the minimum predetermined limit

until reaching the maximum limit of SOC. Then, the SMES

is controlled to charge so as to absorb the extra power from

VOLUME 9, 2021 45761



H. S. Salama et al.: Studying Impacts of EV Functionalities in Wind Energy-Powered Utility Grids

the wind generation. Therefore, reduced stresses are achieved

from the electrical grids. When the EVs and the SMES reach

their full charge, the extra power is sold to the utility grids to

maximize the benefits from the generated wind power.

Step 3: The algorithm also controls the system when the

generated wind power is lower than the required load power.

When the electricity price is high and exceeds the threshold

economical value, the required loading power is fed from

the EVs when their SOC is higher than the minimum value.

If the EVs are not charged enough, the SMES is discharged to

cover the required loading power. If the SMES and EVs are

not charged enough, the required active power for the load is

bought from the utility grid to cover the load demand.

Step 4: If the required loading power exceeds the wind

power and the electricity price is low, the EVs and the SMES

are given priority to charge during the low price rate from the

utility grids. Then, the required additional loading power is

bought from the utility grid to benefit from the low price rate

from the utility grid.

Step 5: The response of the system is determined according

to the employed control approach for EVs. According to

the three previously discussed control approaches for EVs,

the PCC power PPCC can be represented without SMES as

follows:

PPCC =











±Pg + PWT − Pl − PEV H⇒ UCCIA

±Pg + PWT − Pl − PEV H⇒ CCIA

±Pg + PWT − Pl ± PEV H⇒ CC/DIA

(10)

where Pg represents the grid active power at the PCC, and

PEV the active power absorbed/injected by EVs. Whereas,

the PCC power with SMES can be expressed as follows:

PPCC =











±Pg + PWT − Pl − PEV ± PSMES H⇒UCCIA

±Pg + PWT − Pl − PEV ± PSMES H⇒CCIA

±Pg + PWT − Pl ± PEV ± PSMES H⇒CC/DIA

(11)

Step 6: Additionally, the reactive power is controlled so as

to achieve a local supply from the SMES inverter as a priority.

The active power of SMES and the capacity of the SMES

inverter SSMES are used to calculate the available possible

reactive power supply from the SMES inverter. The available

SMES inverter reactive power Qa−SMES can be estimated as

follows:

Qa−SMES =
√

S2SMES − P2SMES (12)

Step 7: The load reactive power supply is locally fed from

the SMES inverter when the estimated available reactive

power supply from the SMES is higher than the required load

reactive power. If the required load reactive power exceeds

Qa−SMES , then the SMES inverter supplies the load with its

available reactive power supply Qa−SMES and the difference

is absorbed from the utility grid.

V. RESULTS AND DISCUSSIONS

The considered case study has been simulated using theMAT-

LAB/SIMULINK program to study the different impacts

of the integration approaches of EVs on the power system

performance. The modelled system includes the utility grid,

the SMES, EVs, a wind generator, and residential loads. The

impacts of EVs are investigated with/without SMES device

in the proposed study. Moreover, the proposed FLC methods

for EVs and SMES are also validated. The parameters of the

tested system are shown in Table. 5.

TABLE 5. The system parameters for the studied power system.

Fig. 8 shows the daily loading profiles of the studied

system for 24 hours. The wind speed profile in the system

is shown in Fig. 8a. It can be seen that the wind speed has

continuous fluctuation during the whole day. Fig. 8b and

Fig. 8c show the daily loading profiles of active and reactive

power, respectively. The loading profiles fluctuate during the

scenario due to customer loads. The loading has its peak value

after the customers return home in the evening. Moreover,

with the simultaneous existence of EVs during the night,

it is important to study their impacts, and develop various

integration approaches.

The behavior of daily profiles of the wind generation side

is shown in Fig. 9. The generated active power from the wind

is shown in Fig. 9a. It can be seen that the generated active

power from the wind follows the behavior of the wind speed

profile. The fluctuating output power from wind generation

represents one of the most critical issues for high penetration

levels of wind systems. Additionally, the reactive power pro-

file of the wind generation is shown in Fig. 9b. The reactive

power is also fluctuating during the 24 hours of the day. The

daily profile of the voltage (in pu) at the wind generation

terminal is shown in Fig. 9c. The fluctuations in the active and

reactive power cause the fluctuation of the terminal voltage

during the daily profile in the case study.

Fig. 10 shows the daily profiles for the SMES side. Fig. 10a

shows the daily profiles of the active power of SMES at the

different integration approaches of EVs. It can be seen that

the profile of the active power is fluctuating during the 24 hrs
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FIGURE 8. The daily profiles of the studied scenarios for one day.

with the different EV integration techniques. The profiles of

the active power during the day time are the same due to the

working hours. Whereas, the profiles are different during the

night time due to the return of owners. The UCCIA imposes

the worst behavior of the SMES output power profile due

to the charging of the EVs without any control from the

utility. Whereas, the CCIA improves the active power profile

of the SMES compared to the UCCIA. The peak active power

discharge of SMES is reduced in this approach. Whereas,

the CC/DIA represents the best approach regarding the active

power profile of SMES. The charging/discharging currents

of SMES are controlled in this approach in addition to the

reduction of the peak discharged power from SMES.

FIGURE 9. The daily profiles of the wind generation side.

Fig. 10b shows the profile of the reactive power of the

SMES inverter. It can be seen that the SMES inverter con-

tributes to the local supply for the required load reactive

power. Additionally, the various EV integration approaches

possess the same profiles of the reactive power of the SMES

inverter. The SMES energy and current profiles for the dif-

ferent integration approaches are shown in Fig. 10c, and

Fig. 10d, respectively. The UCCIA approach results in the

highest energy and discharging process for the SMES due

to the absence of the control of the charging time/amount of

EVs. It can also be seen that the CCIA improves the energy

and current profiles of the SMES. This is a direct result of the

control of the charging times of SMES after the owners return
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FIGURE 10. The daily profiles of the SMES side.

home in the evening. The CC/DIA can effectively improve the

profiles of the SMES energy and current due to the share of

EVs in the active power control, in addition to the control

FIGURE 11. The daily profiles at the PCC side of the different studied
approaches.

of the charging times and amounts. The profiles show the

improvements in the stress reduction of the SMES due to the

EV integration approach.
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TABLE 6. The statistical analysis of the obtained results of total power losses and the line active power.

FIGURE 12. The performance of the proposed FLC with SMES controller
with load step changes.

Fig. 11 shows the daily profiles at the PCC side. Fig. 11a

shows the line active power profiles for the different EV

integration approaches with/without SMES. This study inves-

tigates the benefits of the cooperative coordination between

SMES and EV integration approaches. It can be seen that

the utilization of SMES can reduce effectively the line active

power, especially during the on-peak load periods. The SMES

also helps in regulating the line active power, regardless of the

existence of EVs during the fluctuating wind and loads during

the day time. Moreover, the utilization of various control

approaches for EVs during the night period reduces the line

active power at CC/DIA compared to the other methods.

Fig. 11b shows the daily profiles for the line reactive

power for the EV integration approaches with/without SMES.

The existence of SMES has a great influence on the line

reactive power. The SMES side inverter contributes to the

local reactive power supply for the connected residential

loads. However, the various EV integration approaches do

not affect the reactive power performance as they do not

contribute to the reactive power support. The ability of the

SMES inverter to achieve local reactive power supply for the

connected loads can effectively reduce the stress on the utility

grid for the reactive power supply.

Fig. 11c shows the profiles of the PCC voltage for the EV

integration approaches with/without SMES. It can be seen

that the cooperative operation of SMES and EVs achieves a

near unity pu voltage profile. The various fluctuations due

to wind speed fluctuations in addition to residential and EV

loads are effectively mitigated with the cooperative operation

between the SMES and EVs. Moreover, the CC/DIA has little

improvements compared to the other approaches in the cases

without SMES due to the control of EV charging/discharging

operation.

Fig. 11d depicts the active power losses at the line side

for the studied approaches with/without SMES. The effi-

cient operation of the power system is shown here with

reduced line power losses by the management algorithm

between the SMES and EVs. The absence of SMES leads to

increased line power losses due to the absorption/injection

of the active/reactive power from/to the utility grids. The

local active/reactive power supply of loads using the SMES

and EV integration approaches is advantageous from this

point of view. The reliability of the supply power and various

components is improved in accordance.

The response of the proposed FLC system is validated

at step changes in the load. Fig. 12 shows the performance

of the studied system with the proposed SMES based FLC

method at sudden load changes. The response of the DC-link

voltage of the SMES inverter with the load changes is

shown in Fig. 12a. It can be seen that the proposed con-

troller responds fast to preserve the DC-link voltage constant

with the different load step changes. Fig. 12b shows the

PCC voltage with the different load changes with/without

SMES and with/without load changes. The proposed FLC

with SMES has very small fluctuations in the PCC voltage

with load step changes as shown by the zoomed-in view of

the obtained results, However, the absence of SMES leads to

a higher drop in the PCC voltage with load step changes. The

results show the ability of the proposed controller to preserve

controlled DC-link voltage of the inverter in addition to the

PCC voltage at various step changes in the loads.
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TABLE 7. Comparison of EV different cases with/without SMES.
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Additionally, statistical analysis of the various obtained

results is made to evaluate the energy management and

different integration methods. Table 6 shows the estimated

mean and peak values for the obtained results of the total

power losses and the line active power. The peak values

are employed for determining the maximum loading of the

system components. Ina addition, the mean value provides

a reflection of the consumed energy losses in the studied

system. The various analysis can be made for the other

obtained results of the studied system. Table 7 shows themain

merits, disadvantages, and performance comparison between

the various EV integration approaches with/without SMES.

In which, Pline,max , and Pline,mean denote to the peak and

mean values for the absorbed line active power, respectively.

Whereas, Ploss,max , and Ploss,mean denote to the peak and

mean values for the absorbed line power losses, respectively.

It has become clear that the current study provides a

straightforward mean for the decision making process for

planning and developing various control methods of EVswith

considering practical study of renewable energy sources and

energy storage devices. The proposed analysis and obtained

results are crucial for the policy makers for evaluating the sta-

tus and future trends of EV integration on the power systems.

This in turn can be employed for more economic, secure,

and efficient operation of future smart grids. In particular,

the proposed study considers the following aspects:
• The nature of the renewable energy sources and their

dependency on the weather conditions.

• The wide extension of the energy storage devices in

power systems.

• The increased and future installations of EVs and hence

their possible contribution in power system control and

management.

• The nature of the installed loads and their variability

with time as active and reactive power demands.

The various criteria of electrical power systems is evalu-

ated in accordance as following:
• The voltage fluctuations at the point of common cou-

pling (PCC).

• The reactive power flow and the possibility of its local

supply.

• The estimations of power losses due to the various inte-

gration methods of EVs.

Thence, the aforementioned considerations and the eval-

uated metrics are very important guiding factors for the

decision-making process and the policy makers. Moreover,

coordinated control of the FLC of energy storage and EVs

is proposed in the paper. The various economic, reliable,

and efficient operation strategies can be considered in the

proposed design through defining the weights and priorities

of different criteria. For instance, the priority of charging/

discharging operation and constraint limits can be consid-

ered in the proposed power management strategy. Moreover,

the various integration methods and economic encourage-

ments can be employed within the fuzzy rules in the proposed

method. The various integration approaches and operating

modes are considered in the study that can be incorporated

in the decision-making process.

VI. CONCLUSION

This paper presents a comprehensive study for the various

impacts of different integration/control approaches of EVs on

the enhancement of utility grid performance. The proposed

study takes into consideration the stochastic properties of

wind power generation and residential loads based on prac-

tical daily loading profiles. Moreover, the proposed study

presents the effects of cooperative operation of energy storage

systems with installed EVs in the utility grids. Two FLC

methods are proposed in this paper for the SMES and EVs,

respectively. The share of the different devices is achieved

through the proposed management algorithm for supporting

the local active/reactive power supply for the connected loads.

Simulation results have been presented to investigate the

power system performance criteria, such as the PCC volt-

age fluctuations, PCC reactive power flow, and transmission

line power losses. The results show that the utilization of

the CC/DIA, and the CCIA achieves reduction of the peak

absorbed line power by 9.11%, and 4.65% compared to the

UCCIAwithout SMES, respectively.Whereas, the peak value

of the total line power losses is decreased using the CC/DIA,

and the CCIA by 9.12%, and 7.15% compared to the UCCIA

without SMES, respectively. While, using the SMES with the

different charging methods leads to reduction of the total line

power losses compared to without using SMES by 95.33%

for the CC/DIA, 95.24% for the CCIA, and 95% for the

UCCIA.Moreover, reduction of the peak absorbed line power

by 72.93%, 72.8%, and 70.27% for the CC/DIA, CCIA, and

UCCIA, respectively through using the SMES compared to

without using the SMES. The proposed study represents a

straightforward study that can be applied for larger power

systems with different component types and numbers by

extending the SMES capacity to overcome the requirements

of the large test systems. This extension in the SMES energy

would not affect the proposed method performance. More-

over, the recent optimization techniques can be employed for

further optimizing the proposed control methods as future

research extension of this paper.
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