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ABSTRACT This paper presents a new soft switching (SS) multiphase interleaved boost converter (MIBC)
consisting of three boost converters (BCs) that operate rapidly and efficiently to charge a lithium-ion
battery for photovoltaic (PV) power system applications. This suggested converter can operate both active
power switches at zero current switching (ZCS), and when switched off, it works at zero voltage switching
(ZVS), which reduces switching losses and increases switching efficiency (SF). An interleaving structure
is employed to decrease the conduction losses and reduce the input current ripple (ICR) and output voltage
ripple (OVR) to increase the power rating. The suggested converter regulates the input and output power
by modulating the phase shift in the pulse width modulation (PWM) technique using the maximum power
point tracking (MPPT) algorithm via two closed feedback loops, one for a slower external loop and the other
for a faster PWM control internal loop, similar to current mode control. The suggested converter has high
voltage (HV) gain due to the coupled inductors (CIs), which act as a transformer. This magnetic design
structure in both the steady-state and transient states also decreases the size and enhances the converter’s
performance. Finally, the suggested converter was experimentally verified on a 285W prototype, and the
maximum efficiency was found to be 98%, based on modeling and experimental data.

INDEX TERMS Coupled inductor, interleaved boost converter, MPPT, photovoltaic, soft-switching, zero
current switching.

ABBREVIATIONS
List of abbreviations used in this manuscript:

ARC Auxiliary Resonant Circuit
AS Auxiliary Switch
BCs Boost Converters
CIs Coupled Inductors

The associate editor coordinating the review of this manuscript and

approving it for publication was Inam Nutkani .

CS Current Stress
DC Duty Cycle
EMI Electro Magnetic Interference
FCs Fuel Cells
HS Hard Switching
HV High Voltage
ICR Input Current Ripple
LV Low Voltage
MIBC Multiphase Interleaved Boost Converter
MPPT Maximum Power Point Tracking
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MS Main Switch
OF Output Filter
OVR Output Voltage Ripple
P&O Perturb & Observe
PFC Power Factor Correction
PIC Programmable Interface Controllers
PV Photo Voltaic
PWM Pulse Width Modulation
RCs Resonant Capacitors
RES Renewable Energy sources
RF Resonance Frequency
RIs Resonant Inductors
RMS Root Mean Square
SF Switching Frequency
SS Soft Switching
WTs Wind Turbines
ZCS Zero Current Switching
ZVS Zero Voltage Switching

I. INTRODUCTION
In the last few decades, the use and depletion of fossil fuels
have accelerated in parallel with the significant increase in
electricity demand [1], [2]. Solar energy (PV) is one of
the most commonly used renewable energy sources (RESs),
and it is a clean and noiseless energy source that does not
emit greenhouse gases [3], [4]. RES has emerged as a new
generation method, with multiple converter topologies and
control strategies [5], additionally; it has less maintenance
and moderate efficiency [6]. In 2018, at least 1GW of gen-
erating capacity had been installed in more than 90 countries,
while more than 30 countries reached a 10 GW capacity.
In some areas, wind turbines (WTs) and PV power have fur-
ther expanded their percentages and an increasing number of
countries now have variable renewables in the energy mixes
of more than 20% [7], [8]. According to the International
Energy Agency [9], and the United Nations Environment
Programme [10], PV energy generation is experiencing con-
sistent growth day by day, motivated by the concerns of
climate change, high oil prices, and incentives for renewable
energy usage.

The DC power generated by the PV array is limited and
depends on sunshine, which varies over different periods of
the day as well as different seasons. Weather conditions are
one of the main problems in installing PV panels, so the
solution to this problem is to usemaximumpower point track-
ing (MPPT) in the PV power system [11], [12]. MPPT can
ensure that the PV can obtainMP under irradiation conditions
and temperature changes over time. MPPT represents the MP
in the PV system by changing the voltage and current at
the load [13]. PV panels can obtain MP by using conven-
tional algorithms such as perturb and observe (P&O) [14].
The P&O algorithm can track the MPP when the irradiation
state and temperature fluctuate [12]. The application of the
P&O algorithm for PV energy harvesting chips was reported

in [15]. From the results, it was found that the P&O method
could track a better energy of the PV [16]. The P&O applica-
tions were also reported in [17].
However, this algorithm has the disadvantage that it has

a large output power ripple when operating under normal
conditions. This is because the P&O algorithm uses a fixed
perturbation step size, so it cannot have a fast response
performance and high accuracy simultaneously [18]. If the
step size is set too small, the response speed will be slow
to track the MPP when temperature and irradiation con-
ditions change [19]. Meanwhile, the response will have a
large enough ripple at a steady state when the step size is
set too large [20]. The efficiency of a PV system depends
not only on the MPPT algorithm used but also on the type
of DC-DC converter topologies adopted in the system [21].
It has been reported that system performance was limited
by the type of converter used [22]. The main requirement
of any converter used in the MPPT system is that it should
have a low input current ripple and follow-up of the full
range of impedance of the PV source [23]. That boost or
its derived topologies present a low current ripple on the
PV side, but a high ripple on the load side [24]. Another
issue that has been encountered is the low efficiency of the
converters and the high cost of designing a converter that
can boost and smooth the output voltage to suit the power
system requirement [25]. High-efficiency BCs are essential
for RES interface circuits [26], as shown in Fig. 1. Most
RES, such as WTs, fuel cells (FCs), and PV, have low and
unregulated output voltages [27]. Furthermore, the designed
DC-DC converter boosting applicability and compatibility
will be tested. Many proposed topologies have been proposed
to boost voltage with higher efficiency; among the impor-
tant studies are the following: the works presented in [28]
and [29]. A battery or an inverter is often the load for this
interface circuit, which must generate a DC-HV from a low
voltage (LV) [30]. High-frequency BCs are widely used in
charging batteries from RES due to their considerable advan-
tages of higher power density, quick response, and ease of
control [31]. It is also utilized in power factor correction
(PFC) circuits [32]. The SF of boost converters increases
to lower their size and weight [33]. When these traditional
IBCs, as shown in Fig. 2, are powered by high-frequency
switching, they cause an increase in current stress (CS) in the
switches [34], resulting in more power losses and lower cir-
cuit efficiency [35]. Several soft-switching techniques such
as zero-voltage-switching (ZVS) and zero-current-switching
(ZCS) were proposed to reduce the input current ripple [36].
However, these options often require additional components
such as auxiliary switches, smoothing inductors, and clamp
capacitors, resulting in high unit cost, increased ohmic losses,
and reduced converter efficiency, thereby hampering the effi-
ciency used in [37]. overall system performance [38]. The SS
techniques like ZCS or ZVS decrease the switching losses.

This approach is used in the suggested converter,
as indicated in Fig. 3. Increasing the number of phases
improves efficiency, but the converter control design becomes
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FIGURE 1. Schematic diagram of the RES interface circuit.

FIGURE 2. Traditional hard switching (HS) of IBC.

complex [39]. The interleaving structure is employed to raise
the power rating, as it consists of CIs connected in paral-
lel [40], as seen in Figure 3. The current path is split into
three parts hence the ICR can be decreased, switching losses
reduced, and increased efficiency [41]. ZCS-BCs technology
is appropriate when using MOSFET switches to lower both
conduction and capacitive operational losses [42]. In addi-
tion; it reduces passive components and electromagnetic
interference (EMI) [43]. The several ZCS-BCs are presented
in [44]. The two more switches are employed to create SS
circumstances [45]. However, the interleaving structure is
used in [46]. The peak current for semiconductor switches in
the converter is high [47]. Furthermore, the di/dt is greater
than the suggested MIBC resulting in increased switching
losses and EMI harmonics [48]. The main switches (MS)
are activated in the ZCS state but are deactivated in the HS
state [49].

FIGURE 3. The suggested 3-phase IBC configuration.

MIHC is considered an emerging topology for DC-DC
converters, due to its boosting capability. The main and nov-
elty contributions to this work are summarized as follows:

• Achieve high efficiency by reducing ripple currents with
an interleaving structure and conserving energy.

• The suggested converter can step up the low-level input
DC voltage into a high-level output DC voltage and
utilize a minimum number of power switches.

• A double-loop control approach is used to achieve the
quick transient response, where one loop limits the
inductor current and the other limits the ripple in the out-
put voltage.

• The converter control system independently charges/
discharges the battery using several current regulator
loops for input DC sources and voltage regulator loops
to balance the power flow.

The remainder of the paper is organized as follows: This
paper provides an overview of soft switching, specifically
an auxiliary resonant circuit suggested in Section I. The
operating precept and steady-state study of the suggested
MIBC are explained in Section II. Optimal design ideas for
circuit parameters of the suggested MIBC are presented in
Section III. Evaluation of efficiency and converter losses is
performed in Sections IV and V, respectively. The simulation
results of the suggested MIBC and experimental results are
presented in Section VI of this paper. Concluding remarks
are provided in Section VII.

II. THE SUGGESTED MULTIPHASE INTERLEAVED BOOST
CONVERTER
A. CIRCUIT DESCRIPTION
Several phases of the suggested BC can be connected in par-
allel to form the circuit of the suggested SS-MIBC, as shown
in Fig. 3. Each converter is surrounded by a phase differ-
ence of 2π /N radians, where N is the number of phases
of the suggested converter. Since the suggested converter
consists of 3 ph., the converters have a phase difference of
120 degrees, making all phases of MIBC operation symmet-
rical. Fig. 4 shows the circuit design of the suggested SS
one-phase MIBC, which uses an auxiliary resonant circuit.
The one-phase MIBC circuit proposed in Figure 4 consists
of two MOSFET switches, i.e., a MS Q1, and an auxiliary
switch (AS) Q2. The ARC consists of two resonant inductors
(RIs) (Lr1 and Lr2) connected in series with the MS and AS,
and two resonant capacitors (RCs) (Cr1 and Cr2) connected
in parallel with the inductors and switches, as shown in Fig. 4.
The OF capacitor Co with the load and resistance Ro are
connected in parallel to smooth out of OVR.

This proposed converter can operate both the MS Q1 and
the AS Q2 together at the beginning of the operating period,
to achieve a ZCS, and operate together again at the end
of the operating period, to achieve a ZVS, which reduces
switching losses and increases switching efficiency. Unlike
other converters mentioned in the literature review, the AS
Q2 works throughout the operating period with the MS Q1,
which leads to increased losses in the circuit and reduced
efficiency. The suggested MIBC operates in two stages [50].
The first period is when the MOSFET is turned on, where
an electric current passes from the source to the inductor
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then passes through the MOSFET and returns to the source.
During this period, the inductor stores part of the current
passing through it. The second stage is when the MOSFET
is turned off, and the inductor discharges the current stored in
the load. We note that the voltage on the load terminals is the
aggregate of the inductor and source voltage.

FIGURE 4. One-phase MIBC circuit.

B. OPERATION MODES AND ANALYSIS OF THE
SUGGESTED CONVERTER
Figure 4 illustrates the circuit design of the suggested MIBC.
The suggested layout is comparable to a traditional boost
converter except for the auxiliary resonant circuit and CIs.
The steady-state operating modes of the suggested MIBC
in discontinuous conduction mode (DCM) are explained in
detail. Figure 5 illustrates the main operational waves of the
suggested MIBC in the steady state. Each switching cycle is
split into four operation modes. The operation circuits are
shown in Figure 6, to explain the operating intervals of the
suggested MIBC.
Interval 1: (t0 ≤ t ≤ t1): It starts when both the MS Q1 and

the AS Q2 are turned on together at t0 as shown in Figures 5
and equivalent circuit 6(a). In this interval, the stabilization
diodes (QD1 and QD2) are turned off. Then, the current
passing through the boost CIs iL and the switches currents
(iLr1 and iLr2) gradually increase from the initial value of
zero with the resulting resonant using (Lr and Cr). Therefore,
both switches (Q1 and Q2) can be turned on at ZVS operating
mode. Through this period, the current iL can be expressed
following [51]:

IL = iLr1(t) = iLr2(t) = (Vin + Vo)

√
Cr
Lr
sinωr (t) (1)

where ωr =
1

√
LrCr

is the angular resonance frequency (RF).
Interval 2: (t1 ≤ t≤ t2): It starts when the MS Q1 is

turned on and the AS Q2 is turned off at t1 as shown in
Figures 5 and equivalent circuit 6(b). In this interval, the
energy stored in the RI Lr2 is transmitted to the output load
by the stabilizing diode QD2, because the AS Q2 is turned
off. When the inductance current iL2 drops linearly until it
reaches zero at t = t2, the stabilizing diode QD2 is turned off.
The voltage across the AS Q2 gradually increases from zero
due to the presence of the RC Cr2. Therefore, the MS Q1

is turned on at the ZCS operating mode, while the AS Q2 is
turned on at the ZVS operating mode. The current flow in the
RI iLr2 at time t = t2 can be obtained following:

ILr2 = iLr (t2) =

√
Vo(2Vin + Vo)

Zr
(2)

t2 =
1
ωr
cos−1 Vin

Vin + Vo
(3)

Interval 3: (t2 ≤ t≤ t3): It starts when both the MS
Q1 and the AS Q2 are turned on together at t2 as shown
in Figures 5 and equivalent circuit 6(c). In this interval, the
stabilization diodes (QD1 and QD2) are turned off. Then, the
current passing through the boost CIs iL and the switches
currents ( iLr1 and iLr2) gradually increase from the initial
value of zero with the resulting resonant using (Lr and Cr ).
Therefore, both switches (Q1 andQ2) can be turned on at ZVS
operating mode.
Interval 4: (t3 ≤ t≤ t4): It starts when the MS Q1 is

turned off and the AS Q2 is turned on at t3 as shown in
Figures 5 and equivalent circuit 6(d). In this interval, the
energy stored in the RI Lr1 is transmitted to the output load
by the stabilizing diode QD1, because the MS Q1 is turned
off. When the inductance current iL1 drops linearly until it
reaches zero at t = t4, the stabilizing diode QD1 is turned
off. The voltage across the MS Q1 gradually increases from
zero due to the presence of the RC Cr1. Therefore, the MSQ1
is turned on at the ZVS operating mode, while the AS Q2 is
turned on at the ZCS operating mode. The current flow in the
RI iLr1 at time t= t4 can be obtained following:

ILr1 = iLr (t4) =
Vin
Lr

(DT − t4) + ILr2 (4)

where D =
Ton
T is the duty cycle (DC) of (Q1 and Q2).

The steady-state operating modes of the suggested MIBC
are explained in detail. As a result, the suggested MIBC
is only advantageous in terms of efficiency and component
strain when DC is greater than 0.5. Therefore, the suggested
MIBC is recommended for applications where DC is greater
than 0.5.

C. MPPT CONTROLLER DESIGN FOR MIBC
The MPPT technique utilized in this paper is the perturb &
observe (P&O)method. This method is based on the variation
in PV power caused by a variation in voltage [50], [52]. The
value of the PV input voltage VPV and the PV input current
IPV are sensed and from this, the output power of the PV
array can be calculated as shown in Figure 7.MPPT technique
utilized these two values to control the max power, as shown
in Eq. (5).

VMPP = K1

(
dPPV
dVPV

)
dt (5)

A comparison is made between the value of the calculated
power and the voltage for the Kth instant and K -1th instant.
If the measured voltage rating is greater than the previous
value, the mean power difference (1P) is positive, increase
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FIGURE 5. Relevant voltage and current waves of suggested MIBC.

FIGURE 6. The equivalent circuits for suggested MIBC operating modes.

the voltage reference value provided that the voltage com-
parator is negative, and reduce the voltage reference value if
the voltage comparison is positive. If the measured voltage
rating is less than the previous value, the mean power dif-
ference (P) is negative, increase the voltage reference value
provided that the voltage comparison is positive, and reduce
the voltage reference value if the voltage comparison is neg-
ative as shown in Figure 8 a flowchart of the implementation
steps for the P&O technology.

Finally, a PWM signal is produced to turn on the switches
(Q1 and Q2) in the block diagram given in Figure 9.

D. CLOSED-LOOP CONTROLLER DESIGN FOR MIBC
The DC bus is intended to be regulated by the PI controller.
The MIHC control is based on two basic loops, the inner and
outer loop, as seen in Fig. 9. The inner loop is thought of as

FIGURE 7. The I-V and P-V characteristic curves at various PV module
temperatures at a constant solar radiation level.

FIGURE 8. The P&O MPPT flowchart for MIBC.

current control, and the outer loop is voltage control. Fig. 10
illustrates how to obtain a closed-loop control method for the
MIHC.

where the feedback transfer function is H(s), the process
transfer function is Gpwm(s), and the PI controller transfer
function is C(s), as indicated by equation (6). Consequently,
the controller can be developed to achieve appropriate static
and dynamic performances for the MIBC.

C(S) = kp + ki
1
s

(6)

kp =
cos θ∣∣Gp(jωc)∣∣ (7)

ki =
−ωc sin θ∣∣Gp(jωc)∣∣ (8)
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FIGURE 9. Block diagram of the MIBC with feedback control.

θ = 180
◦

+ ϕm − ̸ Gp(jωc) (9)

where the discrete-time transfer function is Gp(s) of the
open-loop system (e.g., Gv(s), or Gi(s)). Figs. 11 and 12.
show the Bode plots for the proposed control loop gain based
on PI control. For this work KP = 0.034, and KI = 0.0048.

FIGURE 10. Schematic diagram of the closed-loop control strategy.

FIGURE 11. Bode diagram of voltage loop gain.

In this study, regardless of input and load voltage vari-
ations, a constant voltage of 250 V is maintained in the
DC/DC converter output through the use of simple feedback

PI controllers. Using a Bode diagram, PI controllers will be
constructed based on the necessary phase margin PM (ϕm)
and critical frequency (ωc).

FIGURE 12. Bode diagram of current loop gain.

Where ωc and ω180 are called the crossover-frequencies if
ωc < ω180 is a stable system ifωc = ω180 is a marginal system
if ωc > ω180 is an unstable system. It can be seen that the
critical frequency (ωc) is 0.2649 rad/sec when the phase mar-
gin (ϕm) is 36.7o (i.e. younger than ω180 = 0.5774 rad/sec)
when the gain is 11.6 dB in Fig. 11 similarly Fig. 12. Thus the
proposed converter can achieve stable operation theoretically
and experimentally.

TABLE 1. Calculated parameters.

III. DESIGN CONSIDERATIONS FOR MIBC
A. DESIGN CONSIDERATIONS OF MAIN COMPONENTS
The Self-inductance of coupled inductors can be obtained
from the current ripple expression, as shown in Table 1 as
follows [53]:

1IL =
D ∗ Vi
L ∗ fs

⇒ L =
D ∗ Vi

1IL ∗ fs
= 480µH (10)

where 1IL is the current ripple in the coupled inductors, and
fS is the SF. The OVR is given by the expression:

1Vo =
D ∗ Vi

(1 − k) ∗ Ro ∗ Co ∗ fs
(11)
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The value of capacitance is decided by the equation:

Co =
D ∗ Tswit ∗ Vo
Ro ∗ 1Vo

= 360µF (12)

where Ts is the period time, Ro is the output resistance, and
1Vo < 50 mV is the OVR

B. DESIGNS FOR ZCS RESONANT CIRCUIT
The equivalent output impedance can be determined from the
Vo and Io given as:

Ro =
Vo
Io

=
30
3

= 10� (13)

The characteristic impedance is computed as given:

Ro = 10� and Q = 1 into ⇒ Zo =
Ro
Q

=
10
1

= 10�

(14)

The resonant frequency is calculated from switching fre-
quency fs and normalized switching frequency fns = 0.6 was
set based on the normalized voltage gain [51]:

fr =
fs
fns

=
100
0.6

= 166.7kHz (15)

The RI Lr is given by:

Lr =
Zo
ω

=
Zo
2π fr

=
10

2π ∗ 166.7 ∗ 103
= 9.6µH (16)

The RC Cr is given by:

Cr =
1

ωZo
=

1
2π ∗ 166.7 ∗ 103 ∗ 10

= 95.5nF (17)

C. SELECTION OF THE MAIN SWITCHES
MOSFETs are N-type transistors. When selecting switching
devices for Q1 andQ2MOSFETs, wemust make sure that the
MOSFETs can handle the switching frequency of 100 kHz.
MOSFETs must also be able to handle a peak current of 7A,
to meet the 90% efficiency specification [54]. For this design,
we can choose suitable integrated circuits such as (MOSFETs
IRF540) which give sufficient safe margins for 50V source-
drain breakdown voltage.

IV. LOSSES IN THE PROPOSED MIBC
The estimated losses in the suggested converter are the losses
brought on by the passive components (capacitors and induc-
tors) and semiconductor switches (MOSFETs and DIODEs).
The objective of this interpretation is just to provide an idea
of the estimated losses. This research computes the efficiency
using this estimate [55]. The converter’s efficiency is calcu-
lated as follows:

η =
Pinput_power −

∑
Losses

Pinput_power
(18)

A. INDUCTORS LOSSES
In coupled inductors, there are copper losses. Eddy cur-
rents, hysterical occurrences, and other changing magnetic
field-related processes are responsible for the losses. A small
amount of the energy may manifest as noise, but the majority
of it is dissipated as heat. Conduction or copper losses in
inductors are calculated as follows [51], [56]:

PL = 2 ∗ (IL_rms)2 ∗ RL (19)

where IL_rms denotes the inductor’s RMS current value and
RL denotes its resistance.

B. CAPACITOR LOSSES
The equivalent capacitor resistance, which is often included
in datasheets, is used to determine capacitor losses. The
following formula is used to calculate capacitor losses as
follows [56]:

PC = (IC_rms)2 ∗ RC (20)

where IC_rms represents the capacitor’s RMS current value
and RC represents the equivalent capacitor resistance.

C. MOSFETs (Q1 AND Q2) LOSSES
The following equations provide the MOSFET conduction
losses [56], [57]:

Pcond = 2 ∗ (Iq_rms)2 ∗ Rds−on (21)

The MOSFET switching losses are given by:

Pswit = 2 ∗ 0.5 ∗ Iin ∗ Vo ∗ Tswit ∗ fs (22)

The MOSFET gate drive losses are given by:

Pgate = 2 ∗ Qswit ∗ Vg ∗ fs (23)

where Rds−on is the on-resistance and Qsw is the total gate
drive. The MOSFET characteristics (Rds−on and Qsw) are
given in the datasheet of the MOSFET.

D. DIODES (DQs AND Do) LOSSES
The following equation provides the diode conduction
losses [58]:

PD = 2 ∗ Vf ∗ Iin ∗ (1 − K ) (24)

V. ASSESSMENT OF EFFICIENCY AND CONVERTER
LOSSES
The suggested interleaved boost converter’s efficiency and
switching losses are computed by writing code to aMATLAB
file [59]. The RMS currents in the different parts of the
suggested converter in Figure 4 must be calculated as the first
step in evaluating switching losses. These formulae all make
the assumption of CCM for simplicity’s sake, which was
accurate in our investigation for around 10% of the proposed
converter estimated current. For instance, in the proposed
MIBC, the output current Io and inductor ripple current IL are
employed to determine the RMS inductor current in Eq. (26).
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RMS current of the output capacitor IC_rms, calculated in
Eq. (27). Given the pertinent DC and (1–D) for the proposed
MIBC, it is possible to compute the RMS switches current
IQ_rms in Eq. (28) and the RMS diode’s current ID_rms
in Eq. (29). Figure 13 displays the MIBC losses against the
HSIBC losses. Figure 14 illustrates the MIBC theoretically
estimated efficiency against the HSIBC [60], [61].

1IL =
D ∗ Vi
L ∗ fs

(25)

IL_rms =

√
I2o +

1I2L
12

(26)

IC_rms = Io ∗

√
D

1 − D
(27)

IQ_rms =

√
D ∗ I2i +

1I2L
12

(28)

ID_rms =

√
(1 − D) ∗ I2i +

1I2L
12

(29)

Figures 13 - 14, respectively, display the outcomes of the
energy losses study and the suggested converter estimated
efficiency. The suggested soft-switching MIBC has 98% effi-
ciency at 12V input voltage and 300W input power. The
total MIBC losses are about 7.55W if a switching frequency
of up to 100 kHz is used in the suggested MIBC design,
compared to 92% for a traditional hard-switching IBC [62].
Based on that, it is clear from the calculated results that
the suggested converter circuit achieves better efficiency
with an improvement of 6% compared to the hard-switching
converter.

FIGURE 13. MIBC losses vs. HSIBC losses.

FIGURE 14. MIBC Efficiency vs. input power compared to HSIBC.

VI. RESULTS AND DISCUSSION
A. SIMULATION RESULTS
A prototype simulation was run on MATLAB SIMULINK to
investigate the recommended converter’s power management
and soft-switching bands of the suggested converter. Table 2
below contains the recommended converter circuit settings.
Figure 15 depicts the suggested MIBC simulation model.
Figure 16 displays the solar radiation, voltage, current, and
output power of the PV arrays. Figure 17 displays the voltage
and current output of the suggested open loop MIBC circuit
at D = 0.6. The feedback control signal Vm is formed when
the feedback control system depicted in Figure 9 is used to
obtain the gating signals (Q1 and Q2). Table 3 below shows
the superiority of the suggested topology which eliminates
ripples in the voltage and current output.

TABLE 2. Simulation parameters.

The PPV and IPV vary nearly linearly together with the solar
radiation, as shown in Figure 16. Figure 16 displays that the
PV voltage is independent of the solar radiation level as there
is a complete separation between the input and output of the
MIBC. Figure 17 displays the output voltage of the MIBC
is almost constant, even though the system operates under
MPPT control. This detects the robustness and efficacy of the
suggested MIBC.

TABLE 3. Comparison between the two topologies.
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FIGURE 15. Simulation model of the suggested MIBC.

FIGURE 16. PV power flow at constant temperatures and variable
radiation levels. (a) PV solar radiation curve, (b) PV voltage curve, (c) PV
current curve, and (d) PV power curve.

Figure 18 shows the characteristics of DC input power
regulation compared to those of the proposed symmetric

FIGURE 17. Shows the voltage and current output of the suggested MIBC,
respectively at D = 0.6.

MIBC with an auxiliary resonant cell. The suggested MIBC
can organize the input power by controlling the phase shift of
the PWM from 2 kW to 0.1 kW, and 2 kW to 1 kW respectively
under the SS method [63], [64]. Figure 18 illustrates the input
power regulation characteristics of the suggested converter,
the duty cycle SS area starts at D = 0.40 to D = 0.95, after
this value ( D= 0.95) the output voltage and power suddenly
drop to a very low value. The output power of the suggested
MIBC can be adjusted constantly according to the duty cycle
D as a control variable, as shown in Figure 18.

FIGURE 18. Represents duty cycle characteristics relative to input power
regulation.

B. EXPERIMENTAL RESULTS
An experiential setup is performed to employ a PV array
where the PV arrangement consists of 60W PV arrays, while
their specifications are listed in Table 4. Figure 19 illustrates
the experimental setup of the suggested converter. Figure 20
Gate control signal wave. Figure 21 (a) and (b) illustrate
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experimental voltage and current waves of the switches
(Q1,Q2), respectively. From these figures, it can be seen that
the switches (Q1,Q2) have the properties of ZCS and ZVS
during switch on and switch off. The current experimental
wave of the output capacitor is shown in Figure 22. Finally,
from these figures, the experiential results were validated
and were largely identical to simulation results using a PIC
microcontroller.

FIGURE 19. Experimental setup for MIBC.

TABLE 4. PV module parameters of the 60 W PV array at 25 ◦ and 1000
W/m2.

FIGURE 20. Gate control signal waveform for switches.

Semi-transparent papers were used to partially cover the
PV array to replicate and create a partial shading state, which
was used to evaluate the P&O MPPT algorithm’s validity
under various radiation conditions. The PV voltage drop due
to partial shading condition appears as shown in Figure 23(a).
The PV array’s semi-transparent paperswere then taken out to

FIGURE 21. (a) & (b) Operating switches voltage and current waves.

FIGURE 22. The current wave of the output capacitor.

revalidate the P&OMPPT algorithm. As seen in Figure 23(b),
it appears that the PV voltage is rising once more.
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FIGURE 23. (a) & (b) PV voltage when solar radiation changes.

FIGURE 24. PV power when solar radiation changes.

Figure 24 displays the power extracted from the PV array
utilizing theMPPT algorithm when the PV system is exposed
to the same operating conditions. The results of Figures 23-24

show that the MPPT algorithm has less steady-state oscilla-
tions and reaches steady-state in a shorter time. In addition,
the suggested layout guarantees optimum power production
from the actual PV system by enabling optimal power gener-
ation regardless of the shading or radiation conditions of the
PV system.

A comparison of the suggested MIBC and various topolo-
gies for PV modules is presented in Table 5. Given that, each
converter has a various power rating, as indicated in Table 5.
The efficiency is compared in terms of normalized output as
a percentage of the rated output power for each converter.
It should be noted that the proposed structure has the charac-
teristic of a wide operating range and higher efficiency among
other converters.

TABLE 5. Comparison between the proposed MIBC with other existing
topologies.

VII. CONCLUSION
In this study, an MIBC is presented for usage in the quick
and effective charging of Li-ion batteries for renewable
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energy applications integration. The suggested converter
working principles and steady-state analysis are explained.
Additionally, the suggested MIBC is examined, designing
considerations are presented, and its many Intervals of oper-
ation are explained. This converter uses ARC to provide ZCS
turn on and off for the converter main switches, thus reducing
switching losses. The suggested converter outperforms the
traditional hard-switching converter in terms of efficiency.
These results in less ICR and lower voltage stress on the
MS compared to a traditional boost converter, which lowers
conduction losses. The suggested converter has a total effi-
ciency of 98%, based on modeling and experimental data.
Additionally, the suggested converter is controlled by the
MPPT algorithm. The MIBC can adjust the input and output
power by controlling the phase shift of the PWM method.
The utilization of the CIs reduces the number of magnetic
cores and othermagneticmaterials employed in the suggested
MIBC. The OCR is decreased by increasing the coupling
coefficient, which also lowers the inductor’s core losses.
The other feature of utilizing CIs is that the size and cost
of the converter are reduced. Finally, MATLAB simulation
and empirical findings demonstrated the effectiveness of the
suggested converter.

The MIBC interface is used in RES applications to
combine power from diverse energy sources into a uni-
fied system. Here is a summary of its advantages and
disadvantages:

ADVANTAGES
1. Flexibility: An MIBC can handle power from diverse

RESs (e.g., solar panels, fuel cells, wind tur-
bines, batteries, and supercapacitors) simultaneously,
allowing for a more flexible and adaptable power
system.

2. Efficiency: By combining diverse RESs, these convert-
ers can optimize energy utilization and improve overall
system efficiency.

3. Improved reliability: Multiple sources mean that if one
source fails or becomes less productive (e.g., low sun-
light for solar panels), other sources (e.g., wind power,
fuel cell power, or stored battery&supercapacitor power)
can compensate, resulting in a more reliable power sup-
ply.

4. Load management: A system can balance load more
effectively by drawing from the most efficient source
available at any given time.

5. Peak shaving: MIBC can help manage peak loads by
drawing power from diverse RESs, reducing the need
for additional infrastructure.

6. Storage integration: They can effectively manage the
integration of energy storage systems, smoothing supply
and demand.

7. Reduced need for multiple converters: Instead of need-
ing separate converters for each power source, MIBC
unified functions, reducing hardware costs and space
requirements.

DISADVANTAGES
1. Design complexity: MIBCs are more complex to design

and implement than single-phase converters. They
require sophisticated control systems and algorithms to
manage diverse power sources effectively.

2. Maintenance: The increased complexity may lead to
more challenges in maintenance and troubleshooting.

3. Initial cost: Multiphase converters may have a higher
initial cost due to their advanced design and capabilities,
which may not be cost-effective for all applications.

4. Synchronization: Coordinating and synchronizing
power from diverse RESs can be difficult, especially if
the sources have various electrical characteristics.

5. System scalability: Expanding the system to add more
phases or integrate additional sources can be complex
and expensive, requiring careful redesign and calibra-
tion.

Overall, the MIBC provides RESs with a great deal of
flexibility, dependability, and efficiency; they come to have
additional complexity and possible cost concerns.

Future work will be to integrate different RES (e.g. fuel
cells, wind turbines, batteries, and supercapacitors) into
grid-connected PV systems to evaluate the method perfor-
mance with different RES, as well as to test other parameters
to improve the dynamic performance of the proposedmethod.
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