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I. INTRODUCTION

A surplus of energy sources are being exploited to meet the rising demand for power [1-3]. The world's expanding need for
electricity can no longer be met by traditional energy sources since they are quickly running out [4]. The use of natural fuels for energy
production also has a detrimental effect on the environment, raising concerns about things like air pollution and global warming [5]. The
output of electricity derived from renewable energy sources is consequently rising swiftly, particularly in distributed generation [6]. Thus,
developing hybrid energy plans that continuously supply power to the right demand through a variety of green technologies is crucial [7].
The huge majority of EV are battery powered, which depends on two important variables: the availability of lithium and the state of the
electricity network today [8].

To avoid the issues, research and tests on fuel cell-based cars, photovoltaic and fuel cell hybrid electric cars must be carried out
concurrently [9]. For such cars, the paucity of lithium and the contemporary power grid are irrelevant. Hydrogen best compares to batteries
in terms of both energy density and power density [10]-[12]. Because hydrogen is expensive, it is perfect to use PV panels in addition to
fuel cells to reduce the useage of hydrogen in the vehicle [13], [14]. As shown in Figure. 1, the solar PV, fuel cell, inverter, multi-input
DC-DC converter & electric motor comprise the primary powertrain components of HEV. A multi-input DC-DC converter has a
substantial impact on the overall stability and functionality of the HEV powertrain system. Experts have created many MICs, but not all
of them are appropriate for every application compared to non-isolated MICs, other types of MICs are far fewer useful for slight and
medium-powered HEVS.
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Figure 1: Block diagram of HEV.
Source: Authors, (2025).

A novel MIC configuration developed with the basic single-ended primary-inductor converter (SEPIC) was presented by the
researchers in [15]. It is feasible to integrate many inputs, but at least one of them must be a rechargeable battery. Regretfully, there is a
great deal of voltage stress on the switching electronics. A unique MIC structure is described in [16] to integrate the super-capacitor and
rechargeable battery for EVs. Relays are used in this converter to carry out the required function no need any additional circuity for one
input can feed the other which comparatively increases the circuit difficulty. In Experts in [17]. The authors of [18] introduced a novel
type of MIC bridge for establishing connections between many renewable energy sources. To get a larger gain, fewer unidirectional and
bidirectional semiconductor switches are used. Depending on the number of switches operating in each mode, the stress placed on each
switch in this architecture increases. Furthermore, a polarity change between the input and output voltages is seen. A bidirectional MIC
was described by the authors of [19].

This work is primarily focused on calculating critical inductance and minimizing voltage ripple. Although there are more
switching components and a battery input required, this converter can give electricity in both directions. The development and analysis
of a MIC are shown in the article [20]. Reducing the number of Components and the stress on the switch voltage are the converter's key
concerns. Unfortunately, there are more losses in this converter, and there are still a lot of components. In [21], A unique modular MIC
was suggested by the researchers. It has slight components, a smaller amount of voltage stress, and a better voltage gain. Nevertheless,
there are more parts in this converter, and several switches are under more voltage stress. It also uses a more of storage components for a
multi-input system, which complicates control design and system analysis. In [22], A non-isolated MIC for RES was presented by the
authors. Due to the non-coupled inductor, this converter shows greater gain on voltage at a fewer component count... In [23], the authors
presented a Multi-Input High Gain Non-isolated DC-DC Converter with a new design and a condensed component. One diode is utilized
to enable bidirectional power flow in order to reduce the number of components and create high voltage gain.

Il. PROPOSED CONVERTER

The working principle of the MIC and traditional converters is quite similar. In both cases, the inductive and capacitive
components of the converter charge for a predetermined amount of time and then dis-charge through a load for the rest period of time.
The operating technique is the same in the suggested converter. Figure. 2 illustrates the recently built MICs intended for HEV use.
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Figure 2: shows the suggested converter structure.
Source: Authors, (2025).

11.1 MODES OF OPERATION

Figure. 3 shows the equivalent circuitry for the six modes of operation of the suggest converter. In Figure. 2, fuel cell voltage is
V1, the solar panel output voltage is V2, S; to S4 are the four MOSFET switches, D is the diode, R is the load resistance, two inductors
are L1 and Ly, two capacitors are C; and Co. ic1, icz and i1, ir2 are the respective currents flowing through C1, C, and L1, L. Vei, Ve, Via
and vy, are the respective large signal voltages across Ci, C; and Ls, L. ip and v are the large signal current and voltage respectively at
load resistance. Any combination of inputs can be used to operate the suggested converter. To see the converter in action, assume that V1
is greater than V.. The switches S; to S4 respective switching frequencies are fs; to fssand assuming fsi= fsp= fss= fs2 =1/T The suggested
work does not account for solar panel leakage current, fuel cell dynamics, or sunlight's erratic nature. The entire functioning of the planned
converter is covered in sections 11.1.1 to 11.1.6, together with the corresponding mathematical equations.
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Figure 3: Modes of operation. a. Mode (1), b. Mode (2), c. Mode (3), d. Mode (4), e. Mode (5), and f. Mode (6).

Source: Authors, (2025).

11.1.1 First Mode: In the Mode-1 S1, S4 are ON state and Sy, Sz and D are OFF state. The Fig. 3 (a) shows the First Mode circuit

by using KCL and KVL on mode 1 circuit.

Vi1 =71

V2 = —Ve1 — V2
i =1h
iz = le1

lo =12 — lc2
UO = UCZ = loR = _iCZR

11.1.2 Second Mode:

(1)
2
@)

(4)
®)
(6)

In the second Mode the switches S, , D areinturn ON and S, 33 and S, are in OFF state. The corresponding circuit under this

mode is shown in Figure. 3(b)
The equations from (7) to (10) can be obtained by using KCL and KVL.

Vi1 =V1 — Vo
V2 = —Vp
i1 =lc

iz = lp +ic2

11.1.3 Third Mode:

In this mode, S,,S, are ON and D, S, and 33 OFF state. The Figure. 3 (c) shows the equivalent circuit.

The equations from (11) to (16) can be obtained by using KCL and KVL.

Vi1 = V2

V2 = —Vc1 — V2
i1 =1
I = lc1

™
®)
©)
(10)

11)
(12)
(13)
(14)
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lo =1l — ¢ (15)

Vo = V¢ = igR = (i — ic2)R (16)

11.1.4 Forth Mode: Fourth mode, S,,pare ONand S,, 33 and S, are OFF state. The Figure. 3 (d) shows the equivalent circuit.
The equations from (17) to (20) can be obtained by using KCL and KVL

V1 = V2 = Ve 17)
Vi, = =V (18)
i1 =lcy (19)

i =g+ ic (20)

11.1.4 Fifth Mode: In fifth Mode, 53 S, are ONand S,, S, and D are OFF state. The Figure. 3 (e) shows the under fifth mode.

The equations from (21) to (26) can be obtained by using KCL and KVL.

V=V U, (21)
Vip = —Ve1 — Vg (22)
i =iy (23)

i1 =lct (24)

g =1y =l (25)
Vo = VUgy = ipR (26)

11.1.6 Sixth Mode: In Mode six, the 33 ,DareinONstateand S,, S, and S, are in OFF state. The Figure. 3 (f) shows the
corresponding circuit.

by using KCL and KVL the equations (27) to (30) can be obtained.

Vi =V Uy — Ve 27)
V2 = —Vo (28)

iin =lict (29)

lp =g tic (30)

11.2 STATE-STATE MODELLING

To determine the relationship between output current and voltage in terms of the duty cycle, as well as the expressions for the
values of inductors and capacitors, steady-state modelling is essential. With help of (1) to (30), equations

dq+dz+d Vi Vo di+dsz+d
Vo = —ﬁ(lﬁ(l —d3—d) +Vo(1—dy—dy)) (3 o =1 = (32) Iy = R Todidi—d (33)
System performance is determined by the design and selection of inductors and capacitors, which also enable the converter to operate in
the necessary conduction mode. the value of the inductors and capacitor equations are

1 - e @
L, = T (35)
C, = %i (36)
Co = o (37)
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1. EFFICIENCY
Power converter's efficiency is mostly affected by parasitic components. The recommended converter's power loss is shown below.

Power loss due to the internal elements = Pg; + Psy + Pg3 + Pgy + Prpq + Prio + Prer + Pre2 + Prp + Pyrp
=I5y Rsy + Is2r°Rey + Is3p” Res + Ioar Rsg + 11ar° Ry + Lior*Ria + Icir*Rey + Ie2r°Rez + IpgRp + IpavgVrp

The suggested converter's overall power loss is,
P;oss = Power loss due to the parasitic elements + Switching losses + Inductor core losses

Therefore, the efficiency of the converter is,

P
o 100
Pout + PLoss

%Efficiency =
The converter offers great efficiency and accuracy at specified inputs and duty cycles.
IV. CASE STUDIES

As indicated in Table 1, the MIC has six operating modes in addition to three distinct methods for controlling the input and output powers
and voltages. the duty ratio of switch S4 is D4 and similarly, the duty cycle of switches S;, S; and Szare D1, D2 and D3 respectively

Table 1: Possible operating situations of the power converter.

Cases Fuel cell (V1) Solar panel (V2) Action O/P Voltage (V)
V,D,
1 1 0 Considering Fuel cell ;D=1
1-D,
o V,D,
2 0 1 Considering PV cell — D, =1
1-D,
+V,)D
3 1 1 Considering Fuel cell and PV cell together. % D3 =1
Y

Source: Authors, (2025).
IV.1 FUEL CELL ALONE

Table 1 illustrates that in case 1, the fuel cell alone can provide the necessary power to the load using the suggested converter. The vehicle
will be able to run in the lack of sunshine under this hypothetical operating situation.

IV.2 SOLAR PV CELL ALONE

Table 1 illustrates that in case 2, the proposed converter can provide the necessary power to the load using only a solar PV cell. In this
hypothetical situation, the vehicle will be able to run solely on sunshine. The vehicle will use less hydrogen as a result of this process,
resulting in nearly zero operating costs.

1IV.3 BOTH FUEL CELL AND SOLAR PV CELL

Table 1 illustrates how the proposed converter can use a fuel cell and a PV cell to help the load receive the necessary electricity. Under
this hypothetical set of conditions, the vehicle will be able to run on hydrogen and sunlight. In this case, the converter will come in when
the solar PV panel isn't able to give the load the necessary amount of electricity on its own. This process will assist the vehicle in using
less hydrogen, which will lower the vehicle's operating costs.

IV. RESULTS AND DISCUSSIONS

This article presents the mathematical modelling of a Cuk-based multi-input converter and analyses its steady-state behaviour. The
performance of the proposed converter is validated through an experimental setup.
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Figure 4: Experimental setup of CUK based novel multi-input converter.
Source: Authors, (2025).

Table 2: Experimental setup of CUK converter parameters.

Parameter Value
I/P Voltages V, =20V ,V, =12V
O/P Voltage V, =48V
O/P Power Py = 250W
Switching Frequency 10 KHz
Duty Cycle D; =D, =D, 0.33
Duty Cycle D, 0.72

Inductors L, = 24mH, L, = 50mH
Capacitors C, =750uF , C, =750uF
MOSFETSs (4) FQA38N30
Diode MUR1560
Load R =10Q

Source: Authors, (2025).

The switching frequency is f; = 10kHz. The PV cell voltage is V, =12V and the fuel cell voltage is V, = 20V respectively.

The suggested converter was anticipated to generate 48V in order to supply 250W at the output terminal. The suggested converter's
experimental setup is depicted in Figure. 4, and Table 2 lists the parts and setup parameters that were chosen. Experimentally gerenated
switching pulses of the four MOSFET switchesVesi1, Ves2, Vessand Vesa are shown in Figure. 5(a). The switching frequencies of Sy, S,
and Sg, S, are almost identical, which is equal to 10KHz.The proto type model waveforms of inductor currents |, and 1, , and capacitor
voltages Vci, Ve are shown in Figure. 5(b). The dc root mean square values of Ip1, lizand Vo are 18.19 A, 6.38 A and 56.32 V, 47.74 V
respectively.

The voltage across the swithes are Ves1, Ves, Veszand Vess are shown in Figure. 5(c). The voltage stress values of Si, S; and
Ss, are almost less than or equal to the highest input voltage and stress on voltage value of S4is lower than the 2 times of Vo. The input
voltages V1, V2 and output voltage and current Vo, lo waveforms are shown in Figure. 5(d). The values of input voltages V1, V2 and
output voltage Voand output current lp are 20 V, 12V and 47.74 V, 6.36A respectively. The proposed converter delivers power to the load
at a high efficiency of 96.4%, compare to other converters are mentioned in table.3
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Figure 5: The proto type model experimental waveforms. (a) Pulses of S;, S» and Sz and Sas. (b) Inductor currents and Capacitor
voltages. (c) voltage stress of S1, S, and Ss, S4 switches. (d) Input and output voltages and output current.

Source: Authors, (2025).

Table 2: Comparing the proposed converter against existing converters topologies.

ie)
(5]
[7%2]
Topology [15] [16] [17] [18] [19] [20] [21] [22] [23] §_
a
Gain Aqq Aqp Aqs Ay Ags Age Aq7 Aq7 Aqg Aqg
Number of sources 2 2 2 2 3 2 2 2 2 2
Number of l_mi-directional 0 4 0 2 4 6 4 3 4 4
switches
Number of capacitors 2 1 1 1 1 4 4 3 4 2
Number of inductors 2 1 1 1 1 4 4 3 4 2
Numbers of Bi-_directional 3 0 3 2 2 2 0 0 1 0
power switches
No. of diodes 5 3 1 0 2 2 4 3 1 1
No. of relays 0 4 3 0 0 0 0 0 0 0
Stress on Voltage High - - High Low High Moderate Moderate | Moderate Low
% Efficiency 93.50 94 93 94 88-94 91 95 94 95 96.4
Source: Authors, (2025).
_ _ (d1+dp)Vy+daV, _ _ dqVi+dy(Vi+Va)+d3V,
A =Vo = 1-dq—d, Az =Vo = 1-d;—dy—ds
_ _ d1V1+(1—d1)V2 _ _ d1V1+d2V2+d3(V1+V2)
Az =Vo = 1-d, A=V, = 1-d;—dy—ds
_ _ d1Vpattery+(1-d)V1+(1-dz)V> _yy — @-d)vi+1;
A=V = 1-d, A =V = Ta-dp?
(d1 - Zdz + d1d2 dz (1 - dl) dl + d3 + d5
Ag=V, = V,Ag=Vyg=——"—""———(VV(1—-dy;—-d,)+V,(1—-d; —d
18 0 (1—d)2(d, — dy) 1 d,(d, — dy) 2419 0 1—d, —d; — ds( 1( 3 4) 2( 1 2))

V. CONCLUSIONS

The modelling of the inimitable MIC with high voltage gain for hybrid electric vehicles (HEVs) drives has been clearly
demonstrated and verified by this work. With this design, the load might receive energy continuously from two inputs. Furthermore, the
idea of using various switching frequencies has been implemented well, resulting in substantial control over power flow and terminal
voltage. The steady-state modelling of the proposed converter are established in order to achieve accurate modelling with improved
inspection of the converter.. The literature compares the efficiency of the proposed power converter with existing power converters that
are currently on the market. At the intended load, the suggested converter shows 96.4% efficiency, and there is also less stress on the
semiconductor switches. Gains and efficiency are outstanding, and losses are negligible. Especially this converter is suitable for EV
application.
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