
Citation: Eswar, K.N.D.V.S.; Doss,

M.A.N.; Alruwaili, M.; Abdelfattah,

W.M. Implementation of a Microgrid

System with a Four-Phase Inductor

Coupled Interleaved Boost Converter

for EV Charging Stations. Energies

2024, 17, 2277. https://doi.org/

10.3390/en17102277

Academic Editor: José Matas

Received: 21 March 2024

Revised: 26 April 2024

Accepted: 3 May 2024

Published: 9 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Implementation of a Microgrid System with a Four-Phase
Inductor Coupled Interleaved Boost Converter for EV
Charging Stations
Kommoju Naga Durga Veera Sai Eswar 1 , Mohan Arun Noyal Doss 1,* , Mohammed Alruwaili 2

and Waleed Mohammed Abdelfattah 3,*

1 Department of Electrical and Electronics Engineering, SRM Institute of Science and Technology, SRM Nagar,
Kattankulathur 603203, India; saieswar29@gmail.com

2 Department of Electrical Engineering, College of Engineering, Northern Border University,
Arar 91431, Saudi Arabia; mohammed.alruwailir@nbu.edu.sa

3 General Subject Department, University of Business and Technology, Jeddah 23435, Saudi Arabia
* Correspondence: arunnoyal@gmail.com (M.A.N.D.); w.abdelfattah@ubt.edu.sa (W.M.A.)

Abstract: Electric vehicle charging stations are essential to enable broad reception due to the rise in
electric vehicles in the transportation industry because they will lessen range anxiety concerns about
distance. The primary objective of this work is to design a microgrid that is effective and affordable for
an electric vehicle charging station that combines a photovoltaic, wind, and utility grid energy system
(optional) as a principal source of energy. The proposed study employs a four-phase inductor coupled
interleaved boost converter which is compact and effective with high power output which results in
charging a vehicle within 33 min. A perturb and observe MPPT approach based on DC converters is
used along with the digital 2PI controller to increase the effectiveness and performance of distributed
energy systems. To make the converter a hassle-free operation, an interleaving technique is applied to
the developed converter which results in ripple reduction, which results in an increase in the output
current and voltage gain, with high power density and efficiency. For better understanding, real-time
data for 2W/3W/4W are acquired and tested for various conditions and the maximum state of charge
for the battery is gained within one-third of the usual time. At present, the interleaved converter’s
operation is theoretically examined, and the behavior of the converter and the charging conditions of
several electric vehicle systems are compared and shown in the simulation analysis.

Keywords: digital PI controller; electric vehicle charging station; interleaved boost converter; P&O
MPPT; renewable energy source

1. Introduction

The widespread acceptance of EVs, which are ideal replacements for internal combus-
tion engines, is a consequence of global climatic change. The rise of EVs has the ability
to enhance economic viability, energy policy, and air quality, which reduce greenhouse
gas releases and mitigate the negative effects of transportation, especially global warming.
EV production emits (59%) more CO2 than internal combustion engines [1]. The ICEV
releases 120 g/km of CO2 on a tank-to-wheel basis; however, from the life cycle assessment
viewpoint, this rises to 170–180 g/km. Within a decade, India’s total GHG emissions
were 6.55% of all global emissions, which is the equivalent of 3202 million metric tons
of CO2 [2]. The vehicle is powered by an electric motor, which is incredibly effective,
utilizing 90–95 percent of the energy given. The main reasons inhibiting the sales of EVs
are the limited number of plug-in stations, charging, driving range, and the power capacity
of batteries. To avoid emissions and to make the CS environment friendly, it should be
designed with RES [3].
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With current advancements in power electronic systems and the reduced cost of
component parts, solar and wind energy have grown very popular as options to provide
load demand in off-grid and remote areas. As per the research in [4], S-WHS is more
advantageous than other sources of power generation. The unpredictable and fluctuating
nature of these sources presents certain technical, environmental, and socioeconomic issues,
and adds to the complexities. Using optimization methods and mathematical models of
various components, a hybrid energy system can be created [5]. When using S-WHS, it
is concluded that this may lessen the energy’s volatility, complexity, and create different
PQ issues like power loss and voltage distortions. Also, a recent study states that with
the help of renewable sources, it involves the microgrid and smart grid concept to charge
the EVs, which is a major challenge [6]. In areas like a simplified control circuit with few
switch operations, which improve stability, reliability, and efficiency, DC bus architecture is
preferred to AC bus architecture [7].

As semiconductor technology has evolved, converters have become increasingly
important in powertrain systems where bipolar converters reduce the step-down effort in
the case of DC–DC converters and allow power exchange among CS and the grid. This
will be ideal for the installation of SPV-EVCS in replacement of unipolar conventional
converters [8]. Likewise, CBC plays a major role when used in medium/low power
applications, but due to disadvantages like size, volume, and the cost of the inductor and
capacitor, these are not much preferred. However, this circumstance will cause a significant
input current ripple and shorten the lifetime. A larger duty cycle also results in a decreased
CBC efficiency [9], which states that due to the size and cost of the capacitors, which are
in series connection, there is a decrease in reliability. Modification with the help of the
fourth leg is provided for zero sequence current which makes the system simple [10]. In
a grid-tied NPC converter for DC, fast CS plug-in electric vehicles are presented in [11],
which states that the filter size mainly depends on the type of converter and application
used. A bulk capacitor leads to low ripple but results in high cost.

Inherent cons like high input current ripple, low efficiency, lifetime, the volume of
inductor and capacitor, traditional boost/buck-boost/resonant full bridge, and push–pull
converters are not suitable for EV charging applications. The authors of [12] stated that IBC
is one of the latest research topics, as it can increase the power-processing capacity and
boost the reliability of power electronic systems. Interleaved techniques can reduce the
input current’s tolerances by making the inductor operate in discrete modes. The authors
of [13] discuss how an inductor windings are coupled together, which makes an interleaved
circuit that is mostly preferred for low power applications. Splitting the input current,
multi-device IBC, and four-phase IBC achieving higher efficiency by significantly lowering
I2R losses and inductor AC losses were discussed in [14]. Additionally, using coupled
inductor strategies, voltage multiplier units, and/or adding snubber circuits can enhance
voltage gain and reduce voltage stress across components. In [15], magnetic coupling
techniques are used in IBC, designed with coupled inductors to reduce input current ripple
and volume. A two-phase IBC steady-state operation for FC stacks has excellent power
capacity, but its dynamic response is only moderate. High efficiency and lower power loss
can be achieved with non-coupled inductors and loosely coupled inductors which fail to
limit the EMI stated in [16]. Even if we are aiming for a high-duty cycle, it leads to high
conduction losses and voltage stress. Multi-port IBC apt for EV high power applications
has many advantages like the size, weight of the inductor/capacitor, ripples, and EMI from
the input/output side. Simultaneous reduction in ripples and EMI efficiency, reliability, and
dynamic response of the system is improved [17]. AMM and Fe-based magnetic materials
properties have high mechanical strength and low flux density, which has been stated by
the authors of [18], and materials made with NFR have high permeability with low core
losses and are consistent for the self-inductance properties [19].

Sudden load deposition on the CS may result in instability and fluctuations, which
lead to mis-operation of the loads. A controller is typically necessary to avoid these
circumstances. Whenever a linear such as a lead-leg controller is used to regulate voltage,
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it results in many disadvantages like high response overshoot, huge setting time, and
considerable steady-state inaccuracy. The authors of [5] use a DTC along with PI controllers
and face low response. In [7], the author employed a sliding mode control for operating
FP-IBC results with some instability. Since PV systems are completely reliant on their
environment and must function well across the whole PV operating range, the use of
linear controllers may not be appropriate because these are designed for their point of
operation [8,11]. Addressing these shortcomings, intelligent control strategies have recently
been suggested, such as the fuzzy logic controller, which is an intelligent-type controller
employed in a variety of applications and is distinguished by its speedy response, precision,
and reliability [12]. A controller operates with continual switching, which is one of its
characteristics, such that the issue of running at high switching frequencies is resolved. The
PI controller has historically been one of the most researched controllers, being adjusted
using many methods. Energy management systems also play a vital role when employing
sources like solar, wind, and grid. The main constraints that need to be considered while
designing the structure of the EV system are data acquisition, forecasting, demand response,
storage management, monitoring, and analysis, which help to enhance the system [13].

However, reliable operation of the converter’s efficiency, EMI, output and input ripples,
and the duty cycle of the four-phase inductor coupled interleaved boost converter is not
discussed for practical EV applications in the previous studies. Here, in this paper, the
converter operates only in continuous conduction mode with different power management
conditions. The above-mentioned aspects are discussed in a detailed manner for different
load conditions along with a digital 2PI controller.

2. Proposed System Configuration

Figure 1 shows the conceptual line diagram of the proposed EV charging station
with the hybrid system. In the current proposal, a DC bus is implemented by a single
DC–AC grid-tied converter, and charging EVs are coupled by DC–DC converters. Direct
connections to RES are made possible by the DC bus using a simple DC–DC converter. The
bus voltage to EV battery voltage levels is intended to be maintained using an appropriate
interleaved DC converter. During the design of a CS, several aspects need to be considered,
such as (a) the area that can be used for electric vehicle parking, which determines the
number of vehicles that can be charged; (b) the demand for fast charging slots in a given
area; and (c) requirements for the network, such as the nominal voltage level and suitable
power levels at the point of common coupling.

Energies 2024, 17, x FOR PEER REVIEW 4 of 27 
 

 

 
Figure 1. Line diagram of proposed system. 

2.1. EV Structure 
Figure 2 depicts the EV block diagram. Electric motors, mechanical gear systems, 

drive shafts, transmission, storage devices like battery packs, a charger, and a central 
power electronic converter are the fundamental components used in the design of EVs. It 
also includes two converters: one is a DC bidirectional converter used to regulate the 
battery system’s state of charge, and the other is a PWM-based converter that helps to 
control motor conditions. 

 
Figure 2. EV Block diagram. 

2.2. PV Solar System 
Considering its nature of mobility, reliability, and affordability, the solar PV system 

plays a significant role in energy distribution all through the entire existence of 
ecofriendly power. Cells are arranged in a series and parallel combination and the 
produced photon effect of the sun’s irradiance, which is later transformed into PV voltage. 
This further varies according to the temperature, which also might destroy electrical 
equipment [14]. The applied DC boost converter combined with the MPPT base perturb 
and observed method is used to monitor changes in the array voltage and uses these data 
to predict how the output power might vary, which also evaluates the PV panel voltage 
and current even while computing the PV power to achieve stability in the DC voltage 
with maximum power output, as shown in Figure 3. 

With the help of [20], the related equations are given below: 𝐼௣௩ = 𝐼௣௛ − 𝐼଴ ቊ𝑒೜൫ೇ೛ೡశೃೞ಺೛ೡ൯ಲ಼೅ − 1ቋ − ௏೛ೡାோೞூ೛ೡோೞ೓   (1)

Figure 1. Line diagram of proposed system.



Energies 2024, 17, 2277 4 of 26

2.1. EV Structure

Figure 2 depicts the EV block diagram. Electric motors, mechanical gear systems,
drive shafts, transmission, storage devices like battery packs, a charger, and a central power
electronic converter are the fundamental components used in the design of EVs. It also
includes two converters: one is a DC bidirectional converter used to regulate the battery
system’s state of charge, and the other is a PWM-based converter that helps to control
motor conditions.
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2.2. PV Solar System

Considering its nature of mobility, reliability, and affordability, the solar PV system
plays a significant role in energy distribution all through the entire existence of ecofriendly
power. Cells are arranged in a series and parallel combination and the produced photon
effect of the sun’s irradiance, which is later transformed into PV voltage. This further varies
according to the temperature, which also might destroy electrical equipment [14]. The
applied DC boost converter combined with the MPPT base perturb and observed method
is used to monitor changes in the array voltage and uses these data to predict how the
output power might vary, which also evaluates the PV panel voltage and current even
while computing the PV power to achieve stability in the DC voltage with maximum power
output, as shown in Figure 3.
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With the help of [20], the related equations are given below:

Ipv = Iph − I
0

e
q(Vpv + Rs Ipv)

AKT − 1

−
Vpv + Rs Ipv

Rsh
(1)

Ppv(k) = A × G(k)
1000

[
1 + Ypv × (Tamb − 25)

]
× ηDA (2)

Iph is a current developed by photons from solar, I0 is a saturation current, d is a
diode current, Ish is a shunt current, Rsh and Rse are the shunt and series resistance,
respectively, Ipv is the net current by the solar PV system, Vpv is the output voltage of a PV
cell, q is the electron charge, and A and K are the fitting factor and Boltzmann constant
(1.38 × 10−23 J/K) parameters, respectively.

2.3. Wind Energy System

An important factor in this distributed energy system is a wind turbine where the
energy process of conversion is performed in two stages: at Stage 1, the wind speed is
transformed into mechanical power by turbine blades, which is reliant on the availability
of wind, and is later turned into electricity with the aid of an electrical generator (either an
induction or synchronous generator can be used) [20]. In this case, an induction generator is
preferred. Similarly, a gearbox setup is used to transform a low-speed shaft to a high-speed
shaft, which is featured in Stage 2. To rotate turbine blades in the direction of wind speed,
a pitch angle controller was employed, which is also reliable in operation. A wind vane
serves to measure the wind speed. Figure 4 shows the layout of a general wind turbine
structure with a basic generator, and numerical modelling of the wind energy system for
generation of kinetic energy and torque are given in Equations (3) and (4), as found in [20].

Pw =
1
2

ACP(λ, β)× (Vω)
3 (3)

Tm =
Pm

ωm
=

1
2
× CP × ρ × AVω

3

ωm
(4)
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Pw is the kinetic energy generated (watts), A is the blade-swept area (m2), CP is the
rotor power co-efficient (no dimensions), λ is the tip-speed ratio, β is the turbine blade pitch
angle, and Vω is the velocity of the wind speed (m/s). Pm is the mechanical power (watts),
Tm is the mechanical torque (N-m), ρ is the air density (kg/m3), and ωm is the mechanical
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angular speed (rad/s). The tip-speed ratio of the wind turbine relies upon the rotor angular
velocity (ω), rotor range (R), and speed of the wind (Vω) as addressed in Equation (5).

λ =
ωωR
Vω

(5)

The electrical and mechanical masses present in the generator and turbine are consid-
ered by Equation (6).

J
dωm

dt
=Te − Tm × B × ωm (6)

Te—is the electromagnetic torque, Tm—is the mechanical torque, J—is the combined
inertia, and B—is the rotor friction.

A bi-directional converter was applied to achieve synchronization with the AC grid.

3. Design Structure for Proposed Four-Phase Inductor Coupled Interleaved Boost
Converter (FP-ICIBC) and Its Control Strategy

Due to the lack of an energy buffer in the single-stage power converter to filter the
current ripple produced by the single-phase AC inverter, a sizable bank of electrolytic
capacitors is connected in parallel with the PV-Wind hybrid system. Closely coupled
inductors and loosely coupled inductors [12] are the most frequently used methods for
interleaved converters to lower the total size of magnetic components. The inductor and
transformer concepts are combined into a single core in the interleaved circuit, which
results in low-cost and magnetic losses in the design structure. If one winding is put above
the other, an inductor will be tightly coupled [13]. There will not be any DC flux in the core
and the leakage inductance will be very low; therefore, no air gap in the core is required if
the projected current ripple is minimal, and the mutual inductance will be higher.

This paper suggests a FP-ICIBC, which is considered only for the continuous con-
duction mode and has some control over power in both directions. A circuit comprising
an input source (Vin(S-WHS)), two energy storage coupled inductors (L12 and L34), four
switching devices (S1, S2, S3, S4), four diodes (D1, D2, D3, D4), and two input (Cin) and
output (Cout) capacitors make up the architecture, which employs a four-stage interleaving
technique, as shown in Figure 5.
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The relation Ts/(n × m) represents the number of phases (n) and number of paral-
lel switches per phase (m) and Ts indicates the switching time. When FP-IBC m and n
are both 1, each phase receives an equal amount of the current from the power source,
which also has a ripple content with a period of Ts/4, as shown in Figure 6. In a similar
fashion, the switching frequency fsw is ‘n’ times higher than the frequency of the output
voltage and the input current [21], which is also the size of passive devices like capacitors
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and inductors, which will be n times smaller than they would be with CBC. Parallel-
ing phases will also improve the system’s stability, converter power rating, distribution
losses, and size optimization. Due to these benefits, FP-IBC is preferred over alternative
converter topologies such as a DC/DC converter for EV power systems, particularly for
high-power applications.
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The duty cycle value in DC/DC converters determines how much power is regulated,
and this is typically carried out to manage output/input voltage or output current. It is
clear that a preferred duty ratio range is about between 0.2 and 0.8, which is enough for
practically all boost converter application areas. As the duty ratio rises, the DC component
of the current rises as well, which is related to the rise in the AC component (the ripple) of
the current. The authors of [22] state that the output current frequency is increased by a
factor of 4 owing to the 90 electrical degree phase difference between each circuit, while a
ripple after superposition is reduced.

At high input, voltages or for low-duty cycles, Leq′ are slightly less than L, but, in this
case, they rise as the input voltage falls. This is a useful feature because Leq′ must be greater
at lower input voltages to limit the peak current. So, the loss may be minimized and vice
versa. Coupled inductors made with opposite polarity have more inductance value and
will be effective for operating conditions. The equivalent inductance Leq′ is obtained with
the help of ‘Ls’ and ‘k’ during the switching periods of the ON duty cycle and the relevant
equation is given in (7) and (8).

Leq1 =
L2

s − M2

Ls − M × D/(1 − D)
=

1 − k2

1 − k × D/(1 − D)
× L (7)

Leq3 =
L2

s − M2

Ls − M × (1 − D)/D
=

1 − k2

1 − k × (1 − D)/D
× L (8)

Case 1: S1 is ON (M1000) and other switches are OFF.

Figure 7 shows that switch S1 is closed while the others remain in an OFF state. The
load hybrid system joins L2, L3, and L4 after charging to “L1” where the current grows
linearly, and this can be shown from Equations (9) and (10).

L1
diL1(t)

dt
= Vin(hybrid)(t) (9)

L2(3,4)
diL2(3,4)(t)

dt
= −Vout(t)+Vin(hybrid)(t) (10)
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According to the relationship depicted in Equation (11), ‘C’ supplies energy to the load.

C
dvout(t)

dt
= ∑4

i=2 iL1(t)−
Vout(t)

R
(11)

The duty cycles di(t) (i = 1 to 4) can be used to calculate the start time of each switch,
di(t)Ts. The FP-ICIBC model suggests that every pair of adjacent phases must have a Ts/4
shift angle between them, and each phase duty cycle should remain unchanged. Figure 8
shows that only eight of the sixteen distinct work states can exist in a single period. Based
on the total number of duty cycles, the ripple is minimal and the mutual inductance will
be higher. Therefore, the four-stage IBC’s real functioning can be broken down into four
different operating modes, as shown in Table 1. Here, (1) represents that the state of the
switch is closed while (0) represents the opposite, i.e., open. Here, in Mode 4, due to the
heavy duty cycle of each switch, a minimum of three switches are operated simultaneously.
i takes between 1 and 4 and can be used to determine the drive waveforms Gi shown in red
and blue waveform represents converter triggered voltages. A total of 2 consecutive drive
waveforms in Case 1, as shown in Figure 7, have an interval time of Ts/4, which indicates
that t1 + t2 = t3 + t4 = t5 + t6 = Ts/4. Furthermore, Case 1 has at least three switches closed
concurrently in a single period due to the high duty cycle of each switch.
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Table 1. Four operation situations of FP-ICIBC.

Operating States T1 T2 T3 T4 Operating States T1 T2 T3 T4

M
od

e-
1

0
<

D
1(

t)
+

D
2(

t)
+

D
3(

t)
+

D
4(

t)
≤

1

1000 ✓ × × ×

M
od

e-
3

2
<

D
1(

t)
+

D
2(

t)
+

D
3(

t)
+

D
4(

t)
≤

3

1011 ✓ × ✓ ✓

0000 × × × × 1001 ✓ × × ✓

0100 × ✓ × × 1101 ✓ ✓ × ✓

0000 × × × × 1100 ✓ ✓ × ×
0010 × × ✓ × 1110 ✓ ✓ ✓ ×
0000 × × × × 0110 × ✓ ✓ ×
0001 × × × ✓ 0111 × ✓ ✓ ✓

0000 × × × × 0011 × × ✓ ✓

M
od

e-
2

1
<

D
1(

t)
+

D
2(

t)
+

D
3(

t)
+

D
4(

t)
≤

2

M
od

e-
4

3
<

D
1(

t)
+

D
2(

t)
+

D
3(

t)
+

D
4(

t)
≤

4

1000 ✓ × × × 0111 × ✓ ✓ ✓

1100 ✓ ✓ × × 1111 ✓ ✓ ✓ ✓

0100 × ✓ × × 1011 ✓ × ✓ ✓

0110 × ✓ ✓ × 1111 ✓ ✓ ✓ ✓

0010 × × ✓ × 1101 ✓ ✓ × ✓

0011 × × ✓ ✓ 1111 ✓ ✓ ✓ ✓

0001 × × × ✓ 1110 ✓ ✓ ✓ ×
1001 ✓ × × ✓ 1111 ✓ ✓ ✓ ✓

✓—indicates that it is in conduction state. ×—indicates that it is not in conduction state.

If we consider the ripple parameter for the case of the conventional two-phase boost
converter with the same operating conditions, it can be expressed in Equation (12).

∆I1(pk−pk) = ∆I1(pk−pk) + ∆I2(pk−pk)

=
Vin
L1

× D × Ts +
Vin
L2

× D × Ts

=

(
2Vin

L

)
×D × Ts =

(
2Vin

L

)
×

(V out−Vin
)

Vout
× Ts

(12)

The current ripple is very low when the FP-ICIBC is designed with a coupled inductor.
In this case, when three switches are in ON, while the remaining is in OFF, the inductor
current increases linearly and the ripple equations are given by

∆I1(pk−pk) =
Vin(hybrid)

Leq′
× D × Ts (13)

∆I2(pk−pk) =
Vin(hybrid)

Leq′
× D × Ts (14)

∆I3(pk−pk) =
Vin(hybrid)

Leq′
× D × Ts (15)

∆I4(pk−pk) =
Vin(hybrid)

Leq′

(
1 − 1

1 − D

)
× D × Ts (16)
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The total input current for peak–peak is given by combining all the ripple current equations:

Iinput(pk−pk) = ∆I1(pk−pk) + ∆I2(pk−pk) + ∆I3(pk−pk) + ∆I4(pk−pk)

= −
Vin(hybrid)

2Leq′

(
8D2 − 10D + 3

1 − D

)
× D × Ts

= −
Voutput

2Leq′

(
8D2 − 10D + 3

)
× (V out − Vin)

Vout
× Ts

(17)

The voltage stress on the switches is reduced when they are in the OFF position. This
is because of the volume and size of the capacitor chosen. This subsequently reduces the
voltage ripples on the switches.

The capacitor value is given in [14], where Vin and Vout are the respective input and
output voltages, R is the load value of resistor, ∆Vout is the capacitor ripple voltage, and fs
represents the switching frequency.

Cout =
Vout × D

R × ∆Vout × fs
(18)

The mutually connected inductance LM is considered to be constant because it is
sufficiently large. The output power is based on the idea of energy conservation.

Pout = η × Vin × Iin = η × Vin × ILm (19)

where η stands for the circuit’s efficiency of conversion. From Equation (19), ILM can be
stated as

ILm =
Pout

η × Vin
=

Vout

η × Vin
(20)

Digital 2PI Controller for FP-ICIBC

A PI controller is used to specify the controller’s beginning phase and its gains. It
should be chosen carefully in order to find a compromise between minimal oscillation
and transient response [17]. A high value of the integral gain could produce a nearly
linear response and enhance the oscillations in the transient state. A closed loop digital
2PI controller shown in Figure 9, which is more effective and dependable for high-power
converter applications, is used to satisfy the voltage and current requirements, independent
of variations in the load and input voltages of the proposed FC-ICIBC. Here, the system
was built directly in the z-domain, which helps to increase the system stability by avoiding
computational lags and timing issues [18]. Two variable parameters, such as the output
voltage Vout and the inductor current IL, which are acquired with the help of the voltage
control loop, are necessary in the 2PIC in order to obtain the reference current for the
inner current loop (i.e., the outer loop). There is a significant signal disturbance between
the output voltage Vin and the reference voltage Vre f at the output the inductor becomes
saturated, and the load is affected. In order to prevent this, a limiter is used, which regulates
the inductor current and safeguards the load.
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After using the ZOH approach to acquire the current Gid(s) and voltage Gvd(s) as
continuous time transfer functions for the used FC-ICIBC, it is simple to perform the digital
controller Hz(s) in the z-domain in a manner like the continuous-time frequency method.
The loops for controlling the voltage and current are represented by Hv(z) and Hi(z). The
voltage Gvd(z) and current Gid(z) transfer functions for discrete time systems and are
given by Equations (21) and (22):

Gvd(z)= Z
{

1 − e−sTs

s
× e−sTd × Gvd(s)

}
(21)

Gid(z)= Z
{

1 − e−sTs

s
× e−sTd × Gid(s)

}
(22)

The current Ti(s) and voltage Tv(s) loop gains are given by Equations (23) and (24):

Ti(s)= Gid(z) × Hi(z) (23)

Tv(s)=
Gvd(z) × Hv(z) × Hi(z)

1 + Ti(z)
(24)

Therefore, selecting a digital PI controller and its transfer function is given by Equation
(25). Gp(z) represents the open loop system for the discrete time transfer function.

H(z) = kp +
ki × Ts(z)

z − 1
(25)

here, kp =
cosθ

Gp(z)

ki =
−ωcz sinθ

Gp(z)

4. Power Management of Proposed Hybrid System and Simulation Analysis

In [23] solar irradiance and wind speed real time data were acquired from a 50 KW
solar plant installed by Andhra Loyola College, Vijayawada, on 22 September 2023 and
wind data are considered from KST wind engineering India Pvt, Ltd. (Coimbatore, Tamil
nadu, India) on the date of 9 April 2023, as shown in Figure 10. The Case 1 grid connected
solar wind hybrid system (G-SWHS) acted as a source and, when needed, the grid supplied
3 ph, 415 V as an input. The rest of the cases worked when S-WHS alone was acting
as a source. The results and performance analysis of the proposed converter along with
different load conditions are displayed in a MATLAB/Simulink R2022b environment.
Table 2 illustrates the necessary requirements for a PV and wind energy system.
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Table 2. Solar wind hybrid system specifications.

Parameters and Its Specifications

S
O
L
A
R

D
A
T
A

Maximum Power (Pmax) 15,000 W
W
I
N
D

D
A
T
A

Rated Power Output (PRout) 5000 W

Voltage at max. power (Vmax) 220 V Peak power output (PPout) 6800 W

Current at max. power (Imax) 6.818 A Rated voltage (R voltage) 415 v

Open circuit voltage (Voc) 232.32 V Cut-in (N Cin), Cut-out (Ncout) and wind speed (Nw) 2, 18, and 8 m/s

Short circuit current (Isc) 5.65 A Rated rotor speed (Nrotor) 250 rpm

No. of panels (Np) 10 Generator efficiency (η gen) 0.95

No. of strings (Ns) 1 Number of blades (Nblades) 3

Cells in string (Ncs) 10
Rotor diameter (Dr) 3600 mm

Cp value at max. (Cpmax) 0.18

4.1. Case Studies for Different Load Conditions

Case 1: analysis of S-WHS without load sharing.

According to the modelling expressions shown in the previous sections, a solar PV
system for 15 KW and a wind system for 5 KW are designed in this work.

The power management approach for various load conditions and simulation output
for the suggested system is displayed in Figure 11, alongside the P&O MPPT controller’s
power management strategies. Here, the PV, battery, and grid systems were also chosen for
load sharing based on their respective generations.
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Figure 11. Results of a simulation for load demand in red, solar power in brown, wind power in
green, and battery power in blue using P&O MPPT controller.

Case 2: analysis of S-WHS with load sharing (S-WHS > Grid).

The total produced power from both PV and wind systems is 8 kW and the operated
EV limit is around 3.3 kW. The remaining excess power is supplied to the grid. Figure 12
presents the output of the simulation, exhibiting how the consumer grid system, wind, and
solar energy sources were managed to meet the load demand. Under the working states of
an electric vehicle in this instance, the power management conditions are shown.
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Case 3: analysis of S-WHS with load sharing (S-WHS < Grid).

The power generated by the PV and wind energy systems in Case 1C is approximately
8 kW, whereas the maximum output of an electric vehicle is 12 kW. The grid network
shown is what will provide the extra power (4 kW) needed to charge the electric vehicle.
The simulation results are shown in Figure 13, along with the power management between
the PV, wind, and consumer grid systems to meet load demand.
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4.1.1. Analysis of Proposed Hybrid System Operated to Charge Two-Wheeler Electric
Bike System

Here, two-wheeler (2W) model specifications are taken from [22] and listed in Table 3.
The power required to drive the two-wheeler EV is taken from the hybrid source and the
rest of the power is utilized to charge the battery storage system’s respective waveforms,
which are displayed in Figure 14. The output voltage and current waveform of an FP-ICIBC
are shown in Figure 15. Here, the converter’s objective is to maintain the EVs’ fast-charging
capabilities in an unchanged manner. To achieve this, the converter must sustain high
output currents (almost 700 A during start). A set of inductor parameters is examined
to optimize the converter current, and the suggested controller also aids in ensuring the
correct order of the switches in an IBC.
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Table 3. Two-wheeler EV specifications.

Parameter Variable Ratings

Rated power output (W) 3 KW

Battery capacity and type 48 V, 62 Ah, 2.97 kWh, Li-ion

Charging condition Up to 4 h to charge 0–90%

Battery type Li-ion

On-board charger 1.8 kW
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Figure 16 depicts the battery conditions for an EV in terms of the level of charge. In
this, it takes 27 min to charge an electric vehicle’s battery to 60% of its initial capacity,
9 min to charge it to 90% of its capacity, and 18 min to finish charging it completely. The
two-wheeler with a capacity of 3 kW requires 54 min to reach its full charge status while
using this current.

An analysis of the proposed hybrid system operated to charge a three-wheeler electric
auto system was carried out. Here, the source S-WHS generates the required energy to drive
4.4 kW 3-wheeler electric auto trucks with the help of the suggested converter. Performance
graphs of the load and hybrid systems are displayed in Figure 17. These tests are typically
carried out for continuous charging at a fixed charging rate. As found in [24], a model
created by Bajaj RE electric auto-rickshaw serves as the basis for the specifications shown
in Table 4, which are needed for an EV.

The converter parameters are shown in Figure 18 and represent the voltage and current
values while operating an EV. If another EV is connected, then the converter current falls
(to almost 520 A during starting). Inductors are employed to withstand and to optimize the
performance of the converter for its full use and for fast-charging EV conditions.
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Table 4. Three-wheeler auto-rickshaw EV specifications.

Parameter Variable Ratings

Rated power output (W) 4.3 KW

Battery capacity and type 48 V, 91.66 Ah, 4.4 Kwh Li-ion

Charging condition up to 6 h to charge 0–80%

Battery type Li-ion

On-board charger 2.2 KW
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Figure 18. FP-ICIBC operation when connected to 3 W. (a) Voltage (18.56 V) (b), current (356.9 A), and
(c) converter output power (6.69 KW).The 4.3 KW electric auto-rickshaw takes roughly 1 h 15.3 min
to complete its full charge. Battery conditions in terms of charge are mentioned here. To reach 60%
of the battery level, it takes 40.2 min, and from 60 to 90% level of charge, it takes 20.1 min. The full
charge is completed within 15 min, which is shown in Figure 19.
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Here, the recommended converter uses the S-WHS as a source to produce the neces-
sary energy to power the four-wheeler EV. The required specifications are mentioned in
Table 5 taken from [25] and their performance graphs for the load and hybrid systems are
mentioned in Figure 20.
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The output voltage and current waveform of the proposed converter are shown in
Figure 21. During the operation of an EV, if suddenly a four-wheeler is connected, then
the converter generates an output current (of almost 540 A) to withstand and optimize a
suitable inductor. The controlling technique also aids the correct order of the switches in an
interleaved DC–DC converter.
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The 4.8 KW 4-wheeler EV requires 1 h and 43 min to reach its full charge condition.
Figure 22 depicts the battery conditions for an electric car. In terms of the level of charge, to
charge 60% of the battery, the time taken is about 55 min. To further charge from 60 to 90%,
it took 26 min. Finally, within 22 min it attained its full charge.
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4.1.3. Analysis of Proposed Hybrid System Operated to Charge Multiple Vehicles at a Time

Here, multiple electric vehicles are being charged simultaneously at a specially de-
signed charging point. We use the examples of two-wheelers, three-wheelers, and four-
wheelers. Tables 4–6 display the parameters of three different types of electric vehicles.
The waveforms in Figure 23 represent the charging circumstances and converter simu-
lation outcomes. The proposed converter’s output waveform for voltage and current is
depicted in Figure 24. Here, the converter’s objective is to keep EVs’ quick charging capa-
bilities maintained. This may be achieved by keeping the converter’s high output currents
(almost 610 A) constant. All three electric vehicles are seen as charging simultaneously in
this situation.

Table 6. Proposed converter FP-ICIBC compared with the existing topologies.

Type of Converter Vin(v) Vout(v) Iout(A) N Fs(Hz) L(µH) C(µF) D Po(W) Pl(W) Pin(W) η%

Boost [26] 200 380 13.02 1 20 410 780 0.5 4.94 317.54 5.26 93.97

Full Bridge [27] 200 434 13.56 2 20 115 250 0.5 5.80 267.34 6.15 94.24

2P-IBC [28] 200 435.7 13.62 4 20 100 235 0.5 5.93 266.88 6.19 95.66

6P-IBC [29] 200 500 13.98 6 20 85 195 0.5 6.99 270 7.26 96.28

Proposed FP-ICIBC 232 464.4 14.125 4 25 66.67 168 0.5 6.56 201.48 6.76 97.02
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Analysis of the proposed hybrid system operated to charge multiple vehicles with
mixed combinations. In this case, it is proposed to use a hybrid system to charge a variety
of electric vehicles at various times during time intervals: from t = (0–4), a set of 2 W and
3 W; from time interval t = (4–8) a combination of 3 W and 4 W; from time instant t = (8–12),
4 W and 2 W; and during time t = (12–16), all 3 sets of electric vehicles are connected. In
these conditions, the proposed converter efficiency is noted and the load conditions S-WHS
are presented in Figure 25. Due to sudden load deposition, there is a slight change in the
converter waveforms, which is shown in Figure 26.
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Figure 25. S-WHS waveform for Case 6. (a) PV power (10.08 KW), (b) wind power (4.854 KW),
(c) load power (14.2 KW), and (d) grid voltage acquired extra is (332.3 V) where, RYB phases indicated
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The proposed converter is contrasted with the current converter topologies presented
in Tables 6 and 7. In order to explicitly validate the FP-ICIBC, based on the output power
availability, a total of three converters can be developed for CS. For simplicity, only one
converter specification is considered, and the comparison results demonstrate that the
proposed converter performs better than the existing converter, with an efficiency of 97.02%.
Figure 27a,b represents the time taken to charge the EV loads when connected to different
existing converters and proves that the proposed FP-ICIBC is efficient among them.
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Table 7. Comparison of gain, rise time, ripple factor, and charging time of the proposed and
various converters.

Parameter Gain Rise Time Voltage Ripple Charging Time

Boost [26] Very low 1.02 s 12.5% Very high

Full Bridge [27] Average 1.08 s 12.5% High

2P-IBC [28] Max. 2 2.02 s 5.12% Moderate

Proposed FP-ICIBC High 1.05 s <2.9% Very low
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4.2. Mathematical Model Analysis for EV Charging Rate
This section presents the mathematical model analysis for identifying the charging

time for electric vehicles expressed in Equation (26).
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Charging Time =
Battery Capacity × (Target Charge Level − Current Charge Level)

Acceptance Rate × 0.9
(26)

Charging time =
EV charger power rating × Voltage

100
.

4.3. Performance Analysis of Proposed FP-ICIBC under Voltage Ripples
In order to prove the feasibility of the FP-ICIBC presented in this paper, the peak voltage ripple

values for the traditional boost converter, 2P-IBC, and the proposed FP-ICIBC are 24, 19, and 12 volts
and their ripple in terms of percentage is given as 6.34%, 5.12%, and 2.87%, respectively, as shown in
Figure 28, meaning that it is within the limits.
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4.4. Procedure Followed to Charge an EV (Buffering)
Based upon the configuration of the S-WHS EVCS, a flow chart is designed, which is shown in

Figure 29. Firstly, the EVCS will read the parameters of the network after the net power condition.
If it is Yes (i.e., Pnet > PL), then it will charge the EV and it follows the remaining procedure. For
example, it will check the SoC of the battery level. Until the battery reaches the maximum limit, it
will charge or it will again feed to the back step. After operating the load, the level is greater than
the limit, and it will operate the load or it will again check the battery condition. In this case, if the
SoC of the battery is less than the limit, it will disconnect the load. If the (Pnet > PL) condition is in
a NO state, then it will fall into extraction mode and the power will be discharged from the EV. It
further follows the procedure and will again check the battery condition. In this case, if the SoC of
the battery is less than the limit, it will disconnect the load. If the (Pnet > PL) condition is in a NO
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state then it will fall into extraction mode and the power will be discharged from the EV. It further
follows the procedure and checks the level of the battery condition. If the SoC limit is less than the
actual limit, then its EV battery will be charged by the grid and it will operate the load or remain in
the normal state.

Energies 2024, 17, x FOR PEER REVIEW 24 of 27 
 

 

SoC limit is less than the actual limit, then its EV battery will be charged by the grid and 
it will operate the load or remain in the normal state. 

 
Figure 29. Flow chart for the battery charging condition. 

5. Conclusions 
This paper proposes a productive control diagram for FP-ICIBC which improves the 

gain factor, efficiency, and reliability of an EV charging station. The proposed converter is 
made to operate in all the suitable combinations using the interleaving technique where 
the converter parameters are maintained as a constant throughout the charging mode. A 
digital 2PI controller is used where the inner current and outer voltage loops are designed 
with the help of the ZOH method. Advantages like reducing the computational and tim-
ing issues make this controller viable to be chosen, which further helps to improve the 
stability of the system. The phases of the converter are operated based on the battery’s 
state of charge (SOC). The three charging speeds are slow (0–20% SOC), quick (20–80% 
SOC), and medium (80–100% SOC). Additionally, this study suggests that the proposed 
converter is suitable to operate the vehicles in quick charging mode. For the battery SOC 
to reach 80%, it took only 33 minutes to charge the vehicle and, operating with a converter 
efficiency of 97.02%, these modes contribute to longer battery life. Other parameters like 
the ripple factor and THD are 2.87% and 3.68%, which are maintained within the limits. 
This paper includes the simulation and analytical results of the different EV vehicles and 
attains the maximum charge of the battery within an hour. If there is a quick need for 
charge to the EV section, the proposed converter will be the future, and this can be viewed 
as a strong replacement for actual EV applications. 

Author Contributions: Conceptualization, K.N.D.V.S.E. and M.A.N.D.; methodology, K.N.D.V.S.E.; 
software, K.N.D.V.S.E.; validation, K.N.D.V.S.E. and M.A.N.D.; investigation, K.N.D.V.S.E.; re-
sources, K.N.D.V.S.E.; data curation, K.N.D.V.S.E. and M.A.N.D.; writing—original draft prepara-
tion, K.N.D.V.S.E.; writing—review and editing, K.N.D.V.S.E. and M.A.N.D.; visualization, 
K.N.D.V.S.E.; supervision M.A.N.D., M.A. and W.M.A.; project administration, K.N.D.V.S.E. and 

Figure 29. Flow chart for the battery charging condition.

5. Conclusions
This paper proposes a productive control diagram for FP-ICIBC which improves the gain factor,

efficiency, and reliability of an EV charging station. The proposed converter is made to operate in
all the suitable combinations using the interleaving technique where the converter parameters are
maintained as a constant throughout the charging mode. A digital 2PI controller is used where the
inner current and outer voltage loops are designed with the help of the ZOH method. Advantages
like reducing the computational and timing issues make this controller viable to be chosen, which
further helps to improve the stability of the system. The phases of the converter are operated based on
the battery’s state of charge (SOC). The three charging speeds are slow (0–20% SOC), quick (20–80%
SOC), and medium (80–100% SOC). Additionally, this study suggests that the proposed converter is
suitable to operate the vehicles in quick charging mode. For the battery SOC to reach 80%, it took
only 33 minutes to charge the vehicle and, operating with a converter efficiency of 97.02%, these
modes contribute to longer battery life. Other parameters like the ripple factor and THD are 2.87%
and 3.68%, which are maintained within the limits. This paper includes the simulation and analytical
results of the different EV vehicles and attains the maximum charge of the battery within an hour. If
there is a quick need for charge to the EV section, the proposed converter will be the future, and this
can be viewed as a strong replacement for actual EV applications.
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Nomenclature

The following abbreviations are used in the article.

AC/DC Alternating Current/Direct Current
AMM Amorphous Magnetic Materials
CBC Conventional Boost Converter
Cin/Cout Input/Output Capacitors
CO2 Carbon dioxide
CS Charging Stations
D Duty cycle
DC Direct Current
DTC Direct Torque Control
EMI Electromagnetic Interference
EV Electric Vehicles
EVCS Electric Vehicle Charging Stations
FC Fuel Cell
Fsw Switching Frequency
GHG Green House Gas
Gi/Gv Gate current/voltages
I/∆I/∆I(pk−pk) Current/Change in current/Change in Current peak to peak
IBC Interleaved Boost Converter
ICE Internal Combustion Engines
I2R Power loss
K coupling coefficient
Kp/Ki Proportional/Integral gain
Ls/Leq/LM Self-Inductance/Equivalent Inductance/Mutual Inductance
MPPT Maximum Power Point Tracking
NFR Nanocrystalline Flake Ribbon
NPC Neutral Point Clamped
PI Proportional Integral
PV Photovoltaic
Pout Output Power
PQ Power Quality
PWM Pulse Width Modulation
RES Renewable Energy Sources
S Switch
SoC State of Charge
SPV Solar Photovoltaic
S-WHS Solar Wind Hybrid Systems
Ts Switching time
R/L/C Resistance/Inductance/Capacitance
Vin/Vout/Vref Input/Output Voltage/reference Voltage
ZOH Zero-order Hold
∆V Change in Voltage
η Efficiency
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