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The power industry is embracing green energy solutions to meet growing demand along with advancement in its technological
innovations. Among the myriad innovations, electric spring stands out as a cutting-edge technology, embracing the concept of
smart load to intelligently manage power systems. Concurrently, the emergence of electric vehicles (EVs) has paved the way for a
new branch of power networks in the transport system. Ingeniously combining these two trends, a smart charging mechanism has
been developed through an EV charging station within an isolated microgrid having a wind energy conversion system as the lone
and primary source. To ensure optimal performance and stability, a sophisticated smoothening band charge controller has been
developed. This controller enables seamless transitions between fast and slow charging modes, effectively curbing noncritical
voltage fluctuations beyond permissible thresholds. In order to demonstrate the superior efficacy of the smoothening band charge
controller, a comprehensive comparative study was conducted, analyzing its performance against rapid transition controllers. The
results highlight the remarkable advantages of the smoothening band approach, further solidifying its significance in future smart
charging systems. To validate the proposed system, rigorous testing was carried out using the state-of-the-art OPAL-RT 4510 real-
time simulator. The successful validation marks a pivotal step toward the widespread adoption of this innovative and environ-
mentally conscious approach in the power industry.

1. Introduction

Islands and remote communities encounter challenges in
electrical power generation due to their isolated geographical
locations [1]. Traditionally, they heavily rely on diesel gen-
erators, leading to environmental and logistical problems
along with high greenhouse gas emissions. The transportation
of diesel to these isolated areas also poses risks. Therefore, the
ongoing power system era is eventually shifting its focus
toward renewable energy resources to develop a base for the

next-generation electricity market, which must be sustainable
and nature-friendly [2]. Moreover, global researchers and
industrialists are constantly gearing up to make the transpor-
tation system an integral part of the electricity network
because conventional transportation systems heavily depend
upon fossil fuel resources. In the beneath of the aforemen-
tioned facts, electric vehicles (EVs) are gaining importance as
one of themost prominent business opportunities for the next
few decades [3]. While analyzing the load structure of an
islanded system, it is observed that islands do not have heavy
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industrial loads, resulting in higher total electricity demand
during the evening compared to the daytime. Additionally,
EV charging loads are often higher in the evening. Therefore,
wind energy could be a much preferable option over solar
energy in this context due to the unavailability of solar inci-
dence in peak time. Further, from the core electrical control
perspective, the association of renewable energy sources and
EVs with the existing power system is challenging in various
ways. A few of the challenges are uncertain variations of
power, voltage, and frequency [4–6], harmonics distortion
[7], severe impact on microgrids at peak hours [8], etc. On
top of that, the exponentially increasing vehicle count driven
by electricity can bring a sudden spike in the electrical market
in the form of EV charging stations. This major change can
certainly affect the everlasting peak demand issue because
most EVs undergo uncontrolled charging [9, 10]. To address
the increased load resulting from a substantial number of EVs
on the existing distribution system, specific active measures
need to be implemented. To tackle this issue, there are a
number of research works have been suggested. In the study
of Yoon and Kang [11], the EV charging work is confined to
residential microgrids where the challenges are much lesser in
comparison to an islanded grid. A nonlinear program is
solved in the study of Shaaban et al. [12] for ensuring the
optimum operation cost of EV charging is proposed, but
they obtained a compromising solution to satisfy the joint
objective. In the study of Clairand et al. [13], an EV aggregator
communicates with the system operator to manage charging
and respect grid constraints. The primary drawback of this
approach is the substantial excess energy generated by RES,
which cannot be fully utilized by EVs despite having high-RES
capacity installation. Wang et al. [14] demonstrate the bene-
fits of coordinated charging with reactive power support,
reducing average EV charging costs. Another solution for
this problem is wireless sensor network deployment in power
systems to optimize energy management [15–17], which can
be a tedious job for an islanded system. Apart from these, much
research has also been conducted for vehicle-to-grid operations
to ensure proper demand side management (DSM) [18–20],
but that requires a fast charger. However, fast chargers are
mostly designed with unidirectional Vienna rectifiers for cost
reduction [21]. Hence, there is a research gap tomake sure both
DSM and EV charging facilities should coexist in an islanded
environment that can operate efficiently.

A novel smart load (SL) solution called electric spring
(ES) can provide cutting-edge technology to overcome
voltage-frequency instabilities as per some of the recently
published studies [22–27]. Several studies have been carried
out for scaling up the abilities of ES and presented in various
research articles [28–31]. Moreover, according to the imple-
mentation perspective, several generations of ES have been
reported in these articles. While generation one of ES (ES-
G1) [32] is the capacitor-based source that only has the
capability of reactive power transfer and control. The ES-G2
[33] simply replaces the capacitor part with a battery to add in
the active power control. The subsequent generation, i.e., ES-
G3 has come up with an enhanced operating range facility
by replacing noncritical load (NCL) with a bidirectional

converter-battery arrangement, contrasting the ES funda-
mental concept [34]. Further innovations are presented even-
tually, such as back-to-back converter-based ES (B2BES) [35],
PV-fed ES [36, 37], AC/DC converted-based ES (ACDCES)
[38], coordinated power-controlled ES [39], etc. The PVES
is always subjected to the uncertainty of solar power, thus
requiring high storage devices. On the other hand, the bidi-
rectional ACDCES eliminates the DC/DC conversion sys-
tem associated with both B2BES and PVES, thus restricting
some power losses and costs. Going further, the coordinated
power control properly manages power between nonlinear
load and battery storage to optimize the size and capacity of
the battery. Moreover, ES has already been utilized in a
variety of applications and still proceeding in its footsteps
toward new innovative implementations [40, 41]. In one of
such implementations, ES is utilized in EV charging [42, 43]
so as to maintain nominal voltage across the critical load
(CL). However, the impact of EV charging on noncritical
loading is still uncovered. This scenario is even critical in
islanded microgrid systems where surplus power support is
always a hurdle, unlike grid-connected systems. This gap in
research has been attempted to address in this work. In
addition to that, the effect of EV charging becomes more
severe when the system considered lacks inertia. Especially
self-excited induction generator (SEIG)-based systems that
work in the saturation region of the magnetization curve
will be most adversely affected by EV charging. This moti-
vated the authors to study the effect of EV charging with a
low inertia SEIG system.

In this work, a 550 kVA SEIG-based isolated system is
taken into consideration. The voltage stabilization of the
system is done by an ES. The SEIG-ES system houses an
EV charging station, which is part of the CL. The EV charg-
ing station is considered to be a combination of a diode
rectifier and DC–DC buck converter, which gives a charging
voltage of 48V. Simple voltage control for the buck converter
is utilized for controlling the charging current of the EV.

The major contribution of this work is as follows:

(i) The maiden application of the EV charging station
in a much more challenging environment, such as a
SEIG-based isolated system, is implemented where
the system is prone to severe voltage and frequency
variations.

(ii) ES has been employed to maintain the overall voltage
of the islanded system, providing DSM technology.

(iii) In most of the literatures, ES is used as voltage reg-
ulator; emphasis is given on maintaining the voltage
profile of the CL. This work, on the contrary, pro-
poses a combined control strategy that not only
enhances the CL voltage profile but also improves
the NCL voltage profile by controlling the charging
speed of the EV through a smoothening band charge
control approach.

(iv) Moreover, in scenario where EVs are being charged or
discharged, their power demands can cause fluctua-
tions in the overall voltage. These voltage variations
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can potentially impact sensitive equipment or devices,
which is also addressed in this study.

(v) Through simulation in MATLAB/Simulink is per-
formed to understand the behavior of the system
under different operating conditions, EV charging sce-
narios, and external factors. To further validate the
accuracy and effectiveness of simulated results, the
OPAL-RT 4510 platform is utilized. By running
the simulation model on the OPAL-RT 4510, the
complex power system behavior is replicated.

2. Test System Description

The test setup depicted in Figure 1 is the focus of this discus-
sion. It is an independent system composed of a three-phase,
550 kVA SEIG with a capacitor bank connected in a delta
configuration, along with both critical and NCLs, an injection
transformer, and an ES. The SEIG functions as an islanded
wind energy conversion system, while the ES comprises a
bidirectional voltage-controlled voltage source converter, a
DC link battery, and an AC side LC filter. Further information
on the various components is provided in subsequent subsec-
tions. Table 1 provides the system specification.

2.1. SEIG Modeling. A self-excited induction machine is a
type of squirrel-cage induction machine that can operate as
a generator without the need for an external electrical power
source. The self-excitation process in a SEIG is achieved
through a capacitive bank connected to the stator terminals.
In this research, the SEIG is depicted in the stationary refer-
ence frame, and the modeling equations for the SEIG are
presented in the form of Equations (1)–(10).

Vds ¼ Rsids þ
d
dt

ψds; ð1Þ

Vqs ¼ Rsiqs þ
d
dt

ψqs; ð2Þ

Vdr ¼ Rridr þ
d
dt

ψdr − ωrψqr; ð3Þ

Vqr ¼ Rriqr þ
d
dt

ψqr þ ωrψdr: ð4Þ

The equation for the electromagnetic torque is as follows:

Te ¼
3
2
P
2
Lm iqsidr − idsiqr

À Á
: ð5Þ

The magnetizing inductance (Lm) of the SEIG is a func-
tion of magnetizing current (Im), Im is given as follows:

Im ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ids þ idrð Þ2 þ iqs þ iqr

À Á
2

q
ffiffiffi
2

p : ð6Þ

The provided equations below represent the terminal
voltages.

dVas

dt
¼ ica − icbð Þ

3C
; ð7Þ

dVbs

dt
¼ 2ica − icbð Þ

3C
; ð8Þ
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FIGURE 1: Remote islanded system diagram.
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Vab þ Vbc þ Vca ¼ 0; ð9Þ

where

ica ¼ iga − ila

icb ¼ igb − ilb

icc ¼ igc − ilc

9>=
>;: ð10Þ

2.2. ES Modelling. ES is a voltage source converter that cre-
ates a springing effect in the electrical system. However, the
application of ES demands load categorization. There are two
types of system loads: CL and NCL. An NCL is a load that
can endure some degree of voltage instability. On the other
hand, CL is the load that operates at a limited voltage range.
When ES and NCL are arranged in series, the resulting con-
figuration is called a SL, as illustrated in Figure 1. This tech-
nology works by varying the voltage across the NCL to
maintain a steady voltage across the CL. The modeling equa-
tion of ES is given in Equations (11)–(15). The modulation
index for the three phases is represented by MIa;MIb, and
MIc respectively.

MIa ¼ 2SWa − 1

MIb ¼ 2SWb − 1

MIc ¼ 2SWc − 1

9>=
>;; ð11Þ

where SWa, SWb, and SWc are the switching states. These
variables can take binary values, relying on the logic of
switching.

The phase voltages of the voltage source converter can be
represented as follows:

Via ¼
Vdc

2
2
3
MIa −

1
3
MIb −

1
3
MIc

� �

Vib ¼
Vdc

2
2
3
MIb −

1
3
MIc −

1
3
MIa

� �

Vic ¼
Vdc

2
2
3
MIc −

1
3
MIa −

1
3
MIb

� �

9>>>>>>>>=
>>>>>>>>;
; ð12Þ

where “Vdc” is the DC side voltage of the inverter.
The line–line potential difference can be as follows:

Viab ¼ Via − Vib

Vibc ¼ Vib − Vic

Vica ¼ Vic − Via

9>=
>;: ð13Þ

Harmonics elimination is ensured through an inductor–
capacitor filter. The filter currents can be given as follows:

d
dt

ifa ¼
1
Lf

Vca − Via − Rf ifa
À Á

d
dt

ifb ¼
1
Lf

Vcb − Vib − Rf ifb
À Á

d
dt

ifc ¼
1
Lf

Vcc − Vic − Rf ifc
À Á

9>>>>>>>>=
>>>>>>>>;
: ð14Þ

The voltage across the filter capacitor can be expressed as
follows:

TABLE 1: Specification of the test system.

Induction generator components Values

Number of pole (P) 6

Magnetizing inductance (Lm)

0.0065 if Im≤ 8
0.0065–0:0003∗(Im−80) if 8< Im< 130

0.005–0:00001∗(Im−130) if
130< Im< 400

0.002156 if Im> 400
Per phase leakage inductance of stator
(Ls)/rotor (Lr)

0:1397mH

Capacitance (C) 980 μF
Stator resistance (Rs) 0:05Ω=phase
Rotor resistance (Rr) 0:049Ω=phase
Inertia (J) 13:05 kg:m2

Damping coefficient (B) 0:122N=rad=s

Electric spring components Values

Inverter topology 3∅ Voltage source converter
Switching frequency 5 kHz
Cutoff frequency 750Hz
DC link voltage 250V
Filter inductance 0.18mH
Filter capacitance 250 µF
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Vca ¼
1
Cc

ial − ifað Þ

Vcb ¼
1
Cc

ibl − ifbð Þ

Vcc ¼
1
Cc

icl − ifcð Þ

9>>>>>>>=
>>>>>>>;
: ð15Þ

To make the ES currents (iesa, iesb, iesc) and the NCL
currents (ial; ibl; icl) equal, the transformer ratio chosen to
be 1 : 1.

2.3. Load Modeling. The studies system comprises two kinds
of loads, those are NCL and CLs. The CL consists of two
parts, i.e., a linear load and an EV charging station. The NCL
is considered to be linear RL load.

2.3.1. Modeling of Linear Load. The linear loads used in the
system are governed by Equations (16)–(18). All the loads
are assumed to be three-phase balanced loads.

Vas ¼ iasRal þ Lal
dias
dt

; ð16Þ

Vbs ¼ ibsRbl þ Lbl
dibs
dt

; ð17Þ

Vcs ¼ icsRcl þ Lcl
dics
dt

: ð18Þ

2.3.2. Modeling of Electric Vehicle Charging Station. In this
work, the EV charging station is considered to be a rectifier
that feeds a charge controller. The charge controller is con-
sidered in this work is a buck regulator which maintains the
output voltage within a range of 48–52V. The buck regulator
dynamic equation is expressed in Equations (19) and (20).

diL
dt

¼ SVs

L
−
VO

L
; ð19Þ

dVO

dt
¼ iL

C
−
iLoad
C

; ð20Þ

where iL and VO are the inductor current and output voltage
of the buck converter as shown in Figure 2(a). “S” is the

switching state of the switch, which can be either be “1”
or “0”.

As can be seen in Figure 2(a), the proposed EV charging
station is capable for charging multiple EV simultaneously.
The charging of EV in this proposed work is taken to be
equivalent to the charging of the battery. The battery model
considered in this work is given by the equation below.

The equivalent circuit for the EV battery considered in
this work is given in Figure 2(b). The isolated system
becomes vulnerable when EV is introduced in the system
due to limitations in source power. So, the power controller
becomes essential for balancing. Here, a DSM technology
called ES is proposed.

3. System Design

The system under consideration is an isolated system with a
550 kVA SEIG as its main power generator. The NCL is rated
for 350 kVA at a nominal voltage of 230V. Taking a CL to
NCL ratio of 0.45, and the CL kVA can be set as 160 kVA. In
this work, the allowable range of operation for the NCL is
taken to be 230–130V rms. This gives an ES injection voltage
range from 0 to 100V. The ES injection voltage is zero when
the NCL voltage is 230V. As the ES injection voltage
increases the power consumed by the ES increase. So, the
kVA rating of the ES would be decided for the maximum
value of injection voltage, i.e., 100V.

The kVA of the NCL with a voltage value of 130V can be
calculated as follows:

NCLkVA130v
¼ 3Vph × Iph ¼ 111:8kVA: ð21Þ

So, NCL current at a voltage of 130V will be as follows:

I ¼ 111:8 × 103

3 × 130
¼ 286:6A: ð22Þ

For injecting a voltage of 100V, the dc voltage require-
ment of the ES [44] would be given as follows:

Vdc>
2

ffiffiffi
2

p
Vffiffiffi

3
p

ma

: ð23Þ

Considering a modulation index ma= 0.7
We get Vdc>233V
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FIGURE 2: (a) Schematic diagram of electric vehicle. (b) Battery structure.
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So, the authors have considered the value of Vdc to
be 250V.

For designing the LC filter values of the ES, the peak
current value can be expressed as follows [45]:

Ipeak ¼
ffiffiffi
2

p
V

2ςC

ffiffiffiffiffi
Cf

Lf

s
: ð24Þ

From this work a damping ratio of ςc ¼ 0:5 is considered.
Further from Kim et al. [45], the ratio of Lf =Cf can be limited
by the expression given below:

Lf
Cf

>
Vffiffiffi

2
p

ςCIpeak
¼ 250ffiffiffi

2
p

× 0:5 × 404:4
>0:8: ð25Þ

So, the value of Lf =Cf is considered as 0.85 in this work.
Again, considering a cutoff frequency of 750Hz.

We get

ffiffiffiffiffiffi
LC

p ¼ 1
We

¼ 0:00021; ð26Þ

which gives the filter inductance value to be Lf= 0.18mH. The
filter capacitance can be calculated as Cf ¼ 245μ F ≈ 250μ F.

4. Control of Electrical Spring (ES)

The control mechanism of ES is displayed in Figure 3. It
further explains the determination of SEIG voltage ampli-
tude Vtð Þ and in-phase components ua;ð ub; ucÞ. These are
calculated as per Equations (27) and (28).

Vt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3

Va
2 þ Vb

2 þ Vc
2ð Þ

r
; ð27Þ

ua ¼
Va

Vt
; ub ¼

Vb

Vt
; uc ¼

Vc

Vt
: ð28Þ

The voltage amplitude Vtð Þ is further taken for the cal-
culation of the error signal. The compensation voltage is
generated from the PI controller, which takes the error signal
as input. The product of compensation voltage along with
the in-phase voltage components ua;ð ub; ucÞ are calculated
in the next step. Further, the actual injected voltages are
compared with the reference injected voltages and the output
reference voltage errors Ea;ð Eb; EcÞ are injected into PWM to
generate converter gate pulses. These operations enable ES to
produce the required voltage.

4.1. Proposed Smoothing Band Control Strategy. In most of
the literature where ES was implemented for the voltage
regulation of the CL, efforts have been made to stabilize
the CL voltage. The NCL voltage profile was mostly regulated
by the previously set value of NCL to CL ratio. More the NCL
to CL ratio smaller will be the voltage deviation across NCL,
and more will be the range of operation of the ES. But getting
a large NCL to CL ratio in an isolated system most of the
time is not feasible in isolated systems. So, in this work,
authors propose a smoothing band-based coordinated con-
trol structure for the system. The proposed scheme simulta-
neously takes care of the CL voltage without deteriorating the
NCL voltage to extreme extents. The abundance of NCL
composition enables wider range flexibility to maintain a
constant CL voltage. An NCL-to-CL ratio of 9 : 1 has proven
to be highly effective [46]. But it is always not possible to
maintain such a ratio practically, and a low ratio may result
in a highly deteriorated NCL voltage profile. Therefore, the
effectiveness of the proposed control strategy with a lower
NCL-to-CL ratio is demonstrated further. In this work, a low
NCL to CL ratio of 2.22 : 1 is considered to show the effec-
tiveness of the proposed control strategy. The proposed con-
trol strategy helps in improving the NCL voltage profile by
adjusting the charging speed of the EV. The proposed
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FIGURE 3: Minimum voltage control structure.
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control structure is shown in Figure 4(a). A smoothing band
is decided, which decides the mode of charging of the EV,
taking the NCL voltage profile into consideration. The charg-
ing mode selection algorithm is shown in the flow chart as in
Figure 4(a). The selection algorithm decides the trigger value
to be enabled or disabled according to the NCL voltage value.
If the NCL voltage falls below 150V, the trigger signal is
enabled, and the smoothing band control comes into opera-
tion. At this time, both the control schemes, the rapid charg-
ing control, and the smoothing band control, coordinately
operate to maintain the EV charging at a slower pace, as can
be seen in Figure 4(b). On the other hand, the ES control
scheme at this time manages the CL voltage. As the system
power demand reduces and the voltage starts rising, and the

NCL voltage rises above 170V, the selection algorithm dis-
ables the trigger signal. With the trigger signal disabled the
smoothing band control again comes out of operation and
the EV charging is totally controlled by only the rapid tran-
sition charge control scheme. The trigger signal can never be
independent and always depends upon the NCL voltage
value. The band of 20V, which is from 150 to 170V, provides
a smooth transition between the charging modes and also
avoids unnecessary switching between modes near the set
voltage value.

As can be seen from the control structure of the charging
station in Figure 4(b), as soon as the NCL voltage reduces
below the minimum set value of 150V, the trigger signal is
enabled. Enabling the trigger signal results in external signal

Start
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Is VNCL < 180

Is VNCL > 190

Execution loop

No

No

Yes
Yes

End

ðaÞ

+

+
+

+
0

PI +
+

S

–

–
–

+

0

+

–

–

Ki

Kp

Ki

VNCL

V⁎
NCL

= 185

V⁎
DC

VDC

Rapid transition charge controlAnti-windup PI control

Charging mode
selection
algorithm

Smoothing band charge control

ʃ

ðbÞ
FIGURE 4: (a) Flowchart for smooth band control strategy. (b) Schematic diagram of proposed control strategy.
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“ext” to be subtracted from the reference set voltage of the
buck converter. The signal “ext” is generated from the NCL
voltage control loop, as can be perceived in Figure 4(b). So,
subtraction of the signal “ext” reduces the DC reference out-
put voltage of the buck converter so as to reduce the charging
current. Reduction in charging current helps in improving
the NCL voltage. The PI controller used in the NCL voltage
loop is a controller with an anti-windup mechanism, as
shown in Figure 4(b). This anti-windup PI controller tries
to keep the NCL voltage at a reference voltage of 155V. As
the generated power increases or the load is reduced the NCL
voltage increases. When the NCL voltage increases above the
upper limit of 170V the trigger is disabled, and EV rapid
charging is again enabled. The transition of charging mode is
decided within the voltage band of 150–170V.

5. Simulation and Result

In this section, the performance of the proposed control
algorithm is evaluated and compared with that of the tradi-
tional charging of multiple EVs without ES and rapid transi-
tion charge control algorithm. The performances of the
control algorithms are tested by subjecting the system to
step variation in the charging current of the EV charging
station. The charging current is varied from zero to a maxi-
mum of 120A in several steps. During the whole work, the
CL and NCL are taken to be at constant loading conditions.
The SEIG torque is also considered to be constant during the
whole work. In the first subsection, the performance of the
rapid transition charge control is evaluated and analyzed.
The second subsection shows the performance of the pro-
posed smoothing band charge control. The third subsection
shows the power quality aspects of the system with the pro-
posed smoothing band charge control structure with FFT
analysis and THD of different system currents and voltages.

5.1. Traditional Charging without ES. In a traditional charg-
ing setup, the EVs are connected to the power grid without
any control or coordination over when and how they charge.
In this mode, EVs are simply plugged in, and the charging
process begins immediately at the maximum charging rate
supported by the vehicle and the charging infrastructure. The
outcome of such an arrangement can be seen in Figure 5. The

figure shows the EV charging current IEV, which is the current
taken by the charging station buck converter, which varies
with respect to time. A variable step EV charging current is
taken to realize the random plug-in and out-of vehicles. The
load voltage, although mentioned VCL to keep on the context
of the study, actually resembles the load voltage. Without any
control algorithm and/or DSM with the variation of the
charging current, the system power demand varies, changing
the system voltage. It can be clearly seen that the system
voltage reduces from 217 to 195V, with the charging current
varying from 0 to 62A. The buck converter maintains the
output voltage at 48V throughout the operation, which can
be seen in Figure 5. In uncontrolled charging, there is no
communication or coordination between the EVs and the
grid, meaning that EVs start charging whenever they are con-
nected, irrespective of the grid’s load conditions or electricity
prices. Hence, required measures need to be taken.

5.2. Rapid Transition Charge Control. The isolated system
becomes vulnerable when EV is introduced in the system
due to limitations in source power. When the EV is plugged
in there is a drop in load voltage. ES tries to maintain voltage
across CL by managing NCL voltage. With the appropriate
control approach of the ES, the CL voltage remains constant.
CL, NCL, EV voltage, and EV current are displayed in
Figure 6(a). So far, it is clear that maintaining the critical
voltage at a fixed nominal value is done through the coordi-
nated action of ES and NCL. Since NCL voltage is decreased/
increased whenever an additional load gets connected/dis-
connected. From the real-time simulation results, the subse-
quent voltage drop/rise in NCL is considered to be an event
of EV connection/disconnection.

In the proposed work, CL consists of a linear RL load and
an EV charging station. The EV charging station consists of a
rectifier and charge controller, which reduces the charging
voltage to a range of 52–48V for the purpose of battery
charging. In this subsection, the EVs are charged with a
fast-charging scheme, where priority is given toward mini-
mizing the charging time of the vehicle. The EV charging
current is varied in steps, as seen in Figure 6(c). Due to
variations in charging current, the CL power varies accord-
ingly, which is evident in Figure 6(b). Charging voltage is
maintained at its maximum value of 52V, as can be seen in

IEV

VCL

VCH

CH 1: 10 A/Div, CH 2: 10 V/Div, CH 3: 50 V/Div, CH 4: 10 Hz/Div

1s/Div

FIGURE 5: Charging of multiple vehicles without ES.
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Figure 6(c). Due to heavy charging currents, the system volt-
age tends to reduce. The ES senses the CL voltage and sup-
presses the NCL voltage to maintain a constant voltage
profile, which is evident in Figure 6(a). Due to the action of
the ES, the NCL voltage drops to 132V at its minimum, as
shown in Figure 6(a). This drop in voltage causes the NCL active
and reactive power to drop, as can be seen in Figures 6(b) and
6(d). As the charging voltage is kept at a constant voltage, prior-
ity is given to vehicle charging time, whereas the NCL voltage
profile gets deteriorated, which is quite undesirable in aspects of
consumer standards.

5.3. Smoothing Band Charge Control (SBCC). In this second
charging scheme, the Authors have proposed a novel charg-
ing structure that can switch itself between fast and slow
charging when needed. In this charging scheme, priority is
given to voltage profiling of the NCL. The charging scheme
switches between fast and slow charging depending on the
NCL voltage profile.

Assuming an operating range of NCL voltage between
0.65 and 1.2 p.u., the limit is set at 150V, below which slow
charging is enabled. This particular voltage is named as fast
charging threshold (FCT). Since the allowable voltage varia-
tion for low voltage circuits is Æ10%, which is found to be
Æ23V for FCT. Hence, the smoothing band voltage is set at
20V. Here, the same EV current profile is used as in the
previous case, which can be seen in Figure 7(c). In the previ-
ous case, the NCL voltage falls to 132V. During the time

duration of t1 and t2, the trigger is enabled. Due to that,
the charging scheme is switched from fast charging to slow
charging. As the switching scheme changes, the charging
voltage is reduced from 52 to 48.6 V, as can be seen in
Figure 7(c). The reduction in charging voltage reduces the
charging current as compared to the previous case. The dif-
ference in charging currents of the two cases can be seen in
Figure 8(c). This reduction in charging current results in
suppressed CL active and reactive power during time span
t1 and t2, which can be noticed in Figures 8(b) and 8(d). This
reduction in CL power leaves more room for the NCL. Thus,
the NCL voltage is improved, and the NCL also consumes
more power as compared to the previous case within time t1
to t2. The improvement in NCL voltage can be noticed in
Figure 8(a). The increase in NCL active and reactive power
can be seen in Figures 8(b) and 8(d), respectively. The com-
parative active and reactive power injected by the ES can also
be viewed in Figure 8(d).

5.4. FFT Analysis. As the EV charging station consists of a
rectifier load, which is nonlinear in nature, it injects harmo-
nics in the CL currents. The FFT of the charging station AC
side charging current is shown in Figure 9(b). The harmonic
orders and THD of the EV charging currents are given in
Table 2. It is seen that the EV charging current has a THD of
31.12%, which is quite high. But the CL load current has a
lesser THD as compared to the EV current, which is due to
the linear nature of the rest of the CL excepting EV charging

CH1, CH 2, CH 3: 50 V/Div

VES

VNCL

VCL

500 ms/
Div

ðaÞ

PNCL
PES

PCL

PG

CH 1, CH 2, CH 3, CH 4:
25,000 W/Div

500 ms/
Div

ðbÞ

CH 1: 10 V/Div

IEV

VNCL

VCH

CH 2: 25 A/Div CH 3: 50 V/Div
500 ms/

Div

ðcÞ

QES

QNCL

QG

QCL
CH 1, CH 2, CH 3, CH 4: 5,000

Var/Div
500 ms/

Div

ðdÞ
FIGURE 6: Charging of multiple vehicles with RTCC: (a) CL, NCL, and ES voltage; (b) system, CL, NCL, and ES active power; (c) charging
voltage, EV current, NCL voltage, and trigger; (d) system, CL, NCL, and ES reactive power.
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500 ms/
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T

ðcÞ

CH 1, CH 2, CH 3, CH 4:
5,000 Var/Div

500 ms/
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QG
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QES

ðdÞ
FIGURE 7: Charging of multiple vehicles with SBCC: (a) CL, NCL, and ES voltage; (b) system, CL, NCL, and ES active power; (c) charging
voltage, EV current, NCL voltage, and trigger; (d) system, CL, NCL, and ES reactive power.
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FIGURE 8: Comparison of RTCC and SBCC: (a) NCL voltage and ES voltage; (b) NCL active power and NCL reactive power; (c) charging
voltage and EV current; (d) ES active power and ES reactive power.
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FIGURE 9: Continued.
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station. Apart from the charging station, the ES also injects
some number of harmonics in the system voltage. In this
work, the FFT analysis of the various voltages is also done,
and the results are given in Figures 9(e) and 9(f ), respec-
tively. It can be seen that the system voltage or the voltage

across CL is not purely sinusoidal due to the presence of the
EV charging station. The CL voltage has a THD of 2.08%,
which can be seen in Figure 9(e). But on contrary, the NCL
voltage has a nearly sinusoidal waveform, which is evident in
Figure 9(f ). This is due to the fact that the ES acts as an active

2

Fundamental (49.5 Hz) = 324.9, THD = 2.08%

1.5

1

0.5

0
0 5 10 15 20

10 ms/
Div

100 V/Div

VCL

ðeÞ

10 ms/
Div

100 V/Div

VNCL

0.8

0.6

0.4

0.2

0
0 5 10

Fundamental (49.5 Hz) = 229.7, THD = 1.46%

15 20

ðfÞ
FIGURE 9: Real-time FFT and THD analysis of (a) CL current, (b) EV current, (c) NCL current, (d) system current, (e) CL voltage, and (f ) NCL
voltage waveforms.

TABLE 2: FFT and THD analysis of different current and voltage signal.

ICL IEV INCL IG VCL VNCL
THD 7.04% 31.12% 0.93% 3.65% 2.08% 1.46%

Harmonic orders Values in dB
Fundamental (50Hz) 47.29 33.96 47.2 53.27 47.22 44.18
2nd −7.9
4th −5.13
5th 20.26 19.32 −7 17.5 12.9
7th 18.4 16.34 2.48 −0.28
11th 9.3 11.62 −13.5
13th 9.12 10.65 −1.09 −0.157
17th 8.6 8.95 −12.85 −18.7
19th 8.16 8.19 9.6
23rd 6.83 6.55
25th 5.93 5.77 −10.46 6.8
29th 3.4 3.95
41st 2.42
43rd 2.58
47th −0.22
49th −16.26 1.19
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voltage filter and filters out the harmonics from the NCL
voltage. This is why the NCL voltage becomes sinusoidal.
From Table 2, it can be clearly noticed that the EV charging
station injects mostly the odd harmonics into the system
current. These harmonics propagate in the system and also
appear in the CL voltage. But due to the voltage filtering
action of the ES, these harmonics are mostly filtered out
on the NCL side. Only some very higher order harmonics
of the order 43rd, 56th, and 58th are present in the NCL
voltage and currents, which are very less in amplitude. The
higher order harmonics appear as a result of the switching of
the ES. From Figure 9 and Table 2, it can be seen that despite
having nonlinear elements in the system the system, voltage
and currents possess harmonics within allowable limits.

5.5. Comparative Review. A comparative study is conducted
with other prepublished EV charging approaches, as stated
in Table 3. The most common one is uncontrolled charging,
where the EVs are allowed to be charged with maximum
rating, leading to poor voltage regulation, as explained in
the study of Crozier et al. [10]. If the charging depends solely
upon source capacity, then there might be cases where RES
displays uncertainty, due to which the entire system is
affected [13]. The cost control mechanism is suggested in
the study of Shaaban et al. [12] only limited to small com-
munities, and voltage regulation is going to be increasingly
difficult with respected to installed capacity. Further coordi-
nated control [14] can be scalable, but regulation is highly
dependent on proper power flow control. On the contrary,
the proposed band-controlled charging mechanism simply
operates the charging speed in a smoother way with a simple
SL approach. Here, the most prominent advantage is the
voltage remains unaffected while increasing the load on the
charging station subjected to conciliation in the speed of
charging.

6. Conclusion

This article introduces a novel EV charging control strategy
designed for a remote islanded area where RES is the only
feasible source of energy. A wind energy-based SEIG along
with ES SL concept are used to study the sustainability of the
system in the worst possible scenario. The article has aimed
at enhancing the NCL voltage profile up to a certain extent

by imposing the proposed EV control strategy, named the
“smoothing band charge control.” SBCC can intelligently
switch between fast and slow-charging methods to improve
the NCL voltage. When the NCL voltage drops below 150V,
the system employs the slow charging method, and when it
rises above 170V, it activates the fast-charging method. The
transition between these charging methods is made smooth
by introducing a voltage band of 20V in the switching algo-
rithm. Through result analysis, it was observed that the pro-
posed control strategy can enhance the NCL voltage by
nearly 23V, based on the same EV loading profile. In addi-
tion to the NCL voltage improvement, the ES also contri-
butes to enhancing power quality on the NCL side. It
effectively filters out the harmonics generated by the EV
charging station, thereby improving the voltage and current
waveforms on the NCL side. Overall, the suggested control
structure is found to be effective in improving the voltage
profile and power quality on the NCL side. Additionally, the
ES successfully maintains a stable voltage profile on the con-
ventional load (CL) side. The article further compares the
results of the proposed approach with other competitive
methods and finds that it offers superior voltage regulation
without the need for complex control methods. This makes
the proposed control strategy a practical and efficient solu-
tion for enhancing EV charging and voltage stability in iso-
lated systems with energy storage integration.
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