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Abstract: The multi-input converters play a significant role in developing grid-independent hybrid
electric vehicles (GIHEVs). This article describes the design and analysis of a single-ended primary-
inductor converter (SEPIC)-based novel multi-input DC-DC converter (MIC) for grid-independent
hybrid electric vehicles (GIHEVs) that is powered by a solar photovoltaic (PV) panel and a fuel
cell. The average large-signal, small-signal, and steady-state modelings are demonstrated to achieve
high-quality design and analysis. The proposed converter promises wide output voltage and power
flow management at lower duty cycle values. The sources can transfer energy to the load either
jointly or individually in this converter with the appropriate operation of the power switches. A
hardware prototype is also developed and tested efficiently to uphold the mathematical modeling,
design, and operation. With fewer switches, lower voltage stress, and fewer circuit components, the
suggested converter claims better gain and higher (96%) efficiency.

Keywords: multi-input power converter; SEPIC; modeling; fuel cell; solar PV panel; grid-independent
hybrid electric vehicles

1. Introduction

To serve the increased electricity demand, both conventional and non-conventional
sources are being overused [1–3]. Conventional energy sources are insufficient to meet
excess electricity needs in the current context since they are rapidly decreasing [4–6].
Additionally, the combustion of fossil fuels to produce electricity has major environmental
consequences, including climate change and poor air quality [7–10]. As a result, electricity
production by non-conventional energy sources such as solar, wind, biomass, fuel cells,
and many others is quickly expanding, notably in distributed generation [11–16]. However,
the standalone usage of solar, wind, and other renewables is not suggested due to their
highly varying nature [17–20]. As a result, there is a strong need to develop hybrid energy
systems that use a variety of renewable energy sources to continually deliver power to the
load [21–24].

The majority of electric vehicles (EVs) are battery-powered, which is determined by
two factors: the current power system and lithium supplies [25–29]. As the number of
BEVs grows, the strain on the existing power infrastructure grows, and the transportation
industry, like crude oil now, may face a lithium shortage in one day [27,30]. To avoid
the problems mentioned above, parallel research and development in fuel cell technolo-
gies, as well as fuel cell and solar cell integrated hybrid electric automobiles, should be
conducted [31]. These cars are unaffected by the availability of lithium or the existing
grid. In terms of energy and power density, hydrogen-based energy storage outperforms
batteries [32–34]. According to the World Nuclear Association’s latest report, the usage
of hydrogen has increased dramatically in recent years in a variety of applications [35].
Due to the high cost of hydrogen at the moment, it is preferable to use solar cells in con-
junction with fuel cells to minimize hydrogen usage [36–39]. As illustrated in Figure 1,
this grid-independent hybrid electric vehicle comprises a fuel cell, solar cell, MIC, and/or
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inverter, as well as an electric motor. In Figure 1, the MIC plays a critical role in determining
system stability and performance [40–43]. Numerous MICs have been created, however, no
converter is universally suitable for all applications [31,44–47]. The topology and design of
each converter vary depending on the application, and each converter has its own set of
advantages and limitations. For low- and medium-power GIHEVs, non-isolated MICs are
more convenient than other types of MICs [31,48,49].
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Figure 1. Block diagram of grid-independent hybrid electric vehicle (GIHEV).

A new MIC topology that had been built using a basic single-ended primary-inductor
converter (SEPIC) is discussed in [50]. It can be used to combine various sources, but at
least one of them should always be a battery or energy storage system. On the other hand,
the voltage stress on the semiconductor switches is high. In [51], a novel MIC configuration
for integrating a battery with a super-capacitor for EVs is presented. In this converter,
one input can energize the other input without the usage of external circuitry, and relays
are employed to accomplish the desired operation, increasing the component count. The
authors of [52] demonstrated the implementation of a super-boost MIC for solar-powered
EVs. The converter had fewer components than [51], but the turn-on time of power switches
remains high in order to attain higher voltage levels, resulting in increased losses. This
converter is unable to provide electricity to both the load and the battery at the same time,
therefore one source must always have a greater voltage than another. A novel bridge-type
MIC for interconnecting different renewable energy systems is introduced in [53]. With
the combination of unidirectional and bidirectional power electronic switches, it used
fewer components and achieved high gain. There is a polarity difference between input
and output voltages, and the number of switches functioning in each mode of operation
increases the burden on each power semiconductor switch in the circuit. In [54], the authors
presented a bidirectional MIC with critical inductance and voltage ripple calculations. This
converter can perform bidirectional power transfer, but the number of power electronic
switches is larger, and one of the inputs should be a battery. A multi-port MIC’s design
and analysis are illustrated in [55]. The main objectives of this converter are to reduce
component count and peak inverse voltage on the power switches. Unfortunately, the
efficiency of this converter is low and, still, the number of components is very high. A
modular non-isolated MIC with high gain and reduced voltage stress and component
count is proposed in [56]. However, this converter has a high component count, and a few
switches have higher voltage stress. Moreover, it has eight energy storage elements for the
two-input circuit, and it is challenging to analyze the system and design a control logic.
A non-isolated MIC with a non-coupled inductor is proposed for high gain and reduced
component count for renewable energy applications in [57]. The component count is lower
than in [55,56], but voltage stress is moderate, and the order of the system is still high. In
addition, it is complicated to design a control logic for this converter.

Regardless of the fact that various types of MICs have been reported in the litera-
ture [31,45,46], a high-gain, high-efficiency, low-stress, and low-component MIC with the
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same input and output voltage polarity is required for GIHEVs to supply continuous power
to the EV motor independently and simultaneously. The SEPIC has a higher gain, lower
current consumption, less loss, higher efficiency, and lower overall harmonic distortion
than traditional and advanced DC-DC converters [58,59]. There is no polarity difference
between the input and output signals with this SEPIC converter. As a result, the suggested
converter builds on the SEPIC converter concept to provide a new MIC for GIHEVs.

Section 2 of this study report delves into the operation and modeling of the designed
fuel cell and solar photovoltaic panel-powered novel multi-input DC-DC converter for
GIHEVs. We discuss the voltage stress and efficiency calculations for the suggested con-
verter in Section 3, and we depict possible operating scenarios for the proposed converter
in Section 4 to demonstrate the independent and simultaneous operation of sources. The
experimental data are examined and discussed in Section 5. Finally, in Section 6, the
conclusion and potential future research are outlined.

2. A SEPIC-Based Novel Multi-Input DC-DC Converter for Grid-Independent Hybrid
Electric Vehicles

The working principles of the MIC and traditional single input DC-DC converters
are nearly identical. In all instances, the L and C components of the converter charge for a
period of time before transmitting the stored energy to the load. The proposed converter
follows the same operational mechanism. Figure 2 depicts the newly built multi-input
DC-DC power electronic converter for GIHEV applications.
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Figure 2. Proposed SEPIC-based novel multi-input DC-DC converter for grid-independent hybrid
electric vehicles.

We adopted a scientifically approved design approach to develop this converter, as
illustrated in Figure 3 [60]. The steps of this design approach are discussing multiple modes
of operation, formulating dynamic equations for each mode, constructing a state-space
model for each mode, average large-signal modeling, small-signal modeling, and steady-
state modeling. Finally, inductor and capacitor values are calculated based on the power
level and application. In this converter, the sources can transfer power to the load either
collectively or independently using the exemplary action of the power switches. The duty
cycles of the power switches S1, S2, S3, and S4 are regulated to control the flow of power
from both inputs to output, as well as to regulate output voltage over a large range.
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Figure 3. Design methodology flowchart of the proposed converter.

2.1. Modes of Operation, Dynamic Equations, and State-Space Model

The proposed converter has four modes of operation and the respective equivalent
circuits are shown in Figure 4. The ideal waveforms of the proposed fuel cell and solar
photovoltaic panel-powered SEPIC-based novel multi-input DC-DC converter for GIHEVs
under CCM are shown in Figure 5. In Figure 2, v1 and v2 are the large-signal terminal
voltages of solar panel and fuel cell, respectively, S1 to S4 are the four IGBT switches,
Diode1 and Diode2 are two diodes, L1 and L2 are the two inductors, C1 and C2 are the two
capacitors, and R is the load resistance. vL1 and vL2 are the large-signal voltages across
L1 and L2, respectively, and iL1 and iL2 are the large-signal currents flowing through L1
and L2, respectively. iC1 and iC2 are the large-signal currents flowing through C1 and C2,
respectively, and v0 is the large-signal voltage across R. In Figure 5, VGS1 to VGS4 are the
gating pulses of the switches S1 to S4, respectively. vC1 and vC2 are the large-signal voltages
across C1 and C2, respectively, and i0 is the large-signal current flowing through R. V0 is the
steady-state voltage across R and I0 = V0/R is the steady-state current flowing through R.

The designed converter is capable of operating at any combination of inputs. To
analyze the designed converter’s operation, assume v2 is greater than v1. Consider δ1 to δ3
to be the large-signal duty cycles of Mode–1 to Mode–3, respectively, and T to be the time
period of the switching pulse. The switching frequency of switches S1 to S4 is fs = 1/T.
The intermittent nature of solar energy and the fuel cell system dynamics are not considered
in the design process and analysis of the proposed converter. The detailed operation of
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the proposed converter along with respective dynamic equations and state-space model in
each operating mode is discussed from Sections 2.1.1–2.1.4.
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2.1.1. Mode–1

In Mode–1, the switches S1 and S4 are in the ON condition and S2, S3, Diode1, and
Diode2 are in the OFF condition. The time period of this mode of operation is from 0 to S3,
which is equivalent to δ1T, as shown in Figure 5. The equivalent circuit of the converter
under this mode of operation is shown in Figure 4a. The inductors L1 and L2 start charging,
the slopes of the inductor currents iL1 and iL2 are v1/L1 and vC1/L2, respectively. The
capacitor C2 starts discharging through the load resistance R, the slope of the capacitor
voltage vC2 is −v0/RC2. The capacitor C1 starts discharging and helps L2 to charge, the
slope of the capacitor voltage vC1 is −iL2/C1.

By performing KVL and KCL on Figure 4a, the following equations from (1) to (5) can
be derived.

vL1 = v1 (1)

vL2 = vC1 (2)

iC1 = −iL2 (3)

iC2 = −i0 (4)

v0 = vC2 = i0R = −iC2R (5)
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The dynamic equations of Mode–1 are given below.

diL1

dt
=

v1

L1

diL2

dt
=

vC1

L2

dvC1

dt
= − iL2

C1

dvC2

dt
= − v0

RC2

v0 = vC2

The order of the proposed system is four, the inductor currents iL1 and iL2 and capacitor
voltages vC1 and vC2 are selected as state variables. By utilizing dynamic equations of
Mode–1, the state-space model can be derived as shown in Equations (6) and (7).

diL1
dt

diL2
dt

dvC1
dt

dvC1
dt

 =


0 0 0 0
0 0 1

L2
0

0 − 1
C1

0 0
0 0 0 − 1

RC2




iL1
iL2
vC1
vC2

+


1
L1

0
0 0
0 0
0 0

[v1
v2

]
(6)

v0 =
[
0 0 0 1

]
iL1
iL2
vC1
vC2

+ 0 (7)

2.1.2. Mode–2

In Mode–2, the switches S2 and S4 are in the ON condition and S1, S3, Diode1, and
Diode2 are in the OFF condition. The time period of this mode of operation is from t1 to t2,
which is equivalent to δ2T, as shown in Figure 5. The equivalent circuit of the converter
under this mode of operation is shown in Figure 4b. The inductors L1 and L2 start charging,
the slopes of the inductor currents iL1 and iL2 are v2/L1 and vC1/L2, respectively. The
capacitor C2 starts discharging through the load resistance R, the slope of the capacitor
voltage vC2 is −v0/RC2. The capacitor C1 starts discharging and helps L2 to charge, the
slope of the capacitor voltage vC1 is −iL2/C1.

By performing KVL and KCL on Figure 4b, the following equations from (8) to (12)
can be derived.

vL1 = v2 (8)

vL2 = vC1 (9)

iC1 = −iL2 (10)

iC2 = −i0 (11)

v0 = vC2 = i0R = −iC2R (12)

The dynamic equations of Mode–2 are given below.

diL1

dt
=

v2

L1

diL2

dt
=

vC1

L2

dvC1

dt
= − iL2

C1



Energies 2022, 15, 5663 8 of 27

dvC2

dt
= − v0

RC2

v0 = vC2

By utilizing dynamic equations of Mode–2, the state-space model can be derived as
shown in Equations (13) and (14).

diL1
dt

diL2
dt

dvC1
dt

dvC1
dt

 =


0 0 0 0
0 0 1

L2
0

0 − 1
C1

0 0
0 0 0 − 1

RC2




iL1
iL2
vC1
vC2

+


0 1

L1
0 0
0 0
0 0

[v1
v2

]
(13)

v0 =
[
0 0 0 1

]
iL1
iL2
vC1
vC2

+ 0 (14)

2.1.3. Mode–3

In Mode–3, the switches S3 and S4 are in the ON condition and S1, S2, Diode1, and
Diode2 are in the OFF condition. The time period of this mode of operation is from t2
to t3, which is equivalent to δ3T, as shown in Figure 5. The equivalent circuit of the
converter under this mode of operation is shown in Figure 4c. The inductors L1 and L2
start charging, the slopes of the inductors currents iL1 and iL2 are (v1 + v2)/L1 and vC1/L2,
respectively. The inductor currents iL1 and iL2 reach their maximum values iL1max and
iL2max, respectively. The capacitor C2 starts discharging through the load resistance R, the
slope of the capacitor voltage vC2 is −v0/RC2. The capacitor C1 starts discharging and
helps L2 to charge, the slope of the capacitor voltage vC1 is −iL2/C1.

By performing KVL and KCL on Figure 4c, the following equations from (15) to (19)
can be derived.

vL1 = v1 + v2 (15)

vL2 = vC1 (16)

iC1 = −iL2 (17)

iC2 = −i0 (18)

v0 = vC2 = i0R = −iC2R (19)

The dynamic equations of Mode–3 are given below.

diL1

dt
=

v1 + v2

L1
diL2

dt
=

vC1

L2
dvC1

dt
= − iL2

C1
dvC2

dt
= − v0

RC2

v0 = vC2

By utilizing dynamic equations of Mode–3, the state-space model can be derived as
shown in Equations (20) and (21).

diL1
dt

diL2
dt

dvC1
dt

dvC1
dt

 =


0 0 0 0
0 0 1

L2
0

0 − 1
C1

0 0
0 0 0 − 1

RC2




iL1
iL2
vC1
vC2

+


1
L1

1
L1

0 0
0 0
0 0

[v1
v2

]
(20)
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v0 =
[
0 0 0 1

]
iL1
iL2
vC1
vC2

+ 0 (21)

2.1.4. Mode–4

In Mode–4, the diodes Diode1 and Diode2 are in the ON condition and S1, S2, S3, and
S4 are in the OFF condition. The time period of this mode of operation is from t3 to t4,
which is equivalent to (1 − δ1 − δ2 − δ3)T, as shown in Figure 5. The equivalent circuit of
the converter under this mode of operation is shown in Figure 4d. The inductors L1 and
L2 start discharging, the slopes of the inductor currents iL1 and iL2 are (−vC1 − vC2)/L1
and −vC2/L2, respectively. The inductor current iL1 reaches its minimum value iL1min
from its maximum value iL1max. The inductor current iL2 reaches its minimum value
iL2min from its maximum value iL2max. The capacitors C1 and C2 starts charging with
the help of L1 and L2, the slopes of the capacitor voltages vC1 and vC2 are iL1/C1 and
((iL1/C2) + (iL2/C2)− (vC2/RC2)), respectively.

By performing KVL and KCL on Figure 4d, the following equations from (22) to (25)
can be derived.

vL1 = −vC1 − vC2 (22)

vL2 = −v0 (23)

iL1 = iC1 (24)

iL2 = i0 + iC2 − iL1 (25)

The dynamic equations of Mode–4 are given below.

diL1

dt
=

−vC1 − vC2

L1

diL2

dt
= −vC2

L2

dvC1

dt
=

iL1

C1

dvC2

dt
=

iL1

C2
+

iL2

C2
− vC2

RC2

v0 = vC2

By utilizing dynamic equations of Mode–4, the state-space model can be derived as
shown in Equations (26) and (27).

diL1
dt

diL2
dt

dvC1
dt

dvC1
dt

 =


0 0 − 1

L1
− 1

L1

0 0 0 − 1
L2

1
C1

0 0 0
1

C2
1

C2
0 − 1

RC2




iL1
iL2
vC1
vC2

+


0 0
0 0
0 0
0 0

[v1
v2

]
(26)

v0 =
[
0 0 0 1

]
iL1
iL2
vC1
vC2

+ 0 (27)

2.2. Average Large-Signal Modeling

The proposed converter is a non-linear circuit. The average large-signal modeling
approach takes non-linearity and the effects of the circuit’s real voltages into account, so
the obtained results are very near to those of the real circuit.
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The state-space representation of average large-signal model is as follows.

.
x = Ax + Bu

y = Cx + Du

where A is an average large-signal model system matrix, B is an average large-signal
model input matrix, C is an average large-signal model output matrix, and D is an average
large-signal model feed forward matrix.

From Equations (6), (7), (13), (14), (20), (21), (26) and (27), the matrices A, B, and C are
calculated as shown in Equations (28) to (30) and the matrix D is a null matrix.

A =


0 0 0 0
0 0 1

L2
0

0 − 1
C1

0 0
0 0 0 − 1

RC2

(δ1 + δ2 + δ3) +


0 0 − 1

L1
− 1

L1

0 0 0 − 1
L2

1
C1

0 0 0
1

C2
1

C2
0 − 1

RC2

(1 − δ1 − δ2 − δ3)

(28)

B =


1
L1
(δ1 + δ3)

1
L1
(δ2 + δ3)

0 0
0 0
0 0

 (29)

C =
[
0 0 0 1

]
(30)

2.3. Small-Signal Modeling

The small-signal modeling linearizes the entire system’s components. In order to de-
velop the small-signal model of the proposed converter, we introduce perturbations in state
variables, input variables, and control variables. The state variables, input variables, and
control variables consist of two components, a DC component and perturbation component.

v1 = V1 + v̂1

v2 = V2 + v̂2

iL1 = IL1 + îL1

iL2 = IL2 + îL2

vC1 = VC1 + v̂C1

vC2 = VC2 + v̂C2

δ1 = d1 + δ̂1

δ2 = d2 + δ̂2

δ3 = d3 + δ̂3

where V1 and V2 are the steady-state (DC component) voltages of the solar panel and
fuel cell, respectively. IL1 and IL2 are the steady-state current flowing through L1 and L2,
respectively. VC1 and VC2 are the steady-state voltages across C1 and C2, respectively. d1
to d3 are the steady-state duty cycle of Mode–1 to Mode–3, respectively. v̂1 and v̂2 are the
small-signal (perturbation component) voltages of the solar panel and fuel cell, respectively.
îL1 and îL2 are the small-signal current flowing through L1 and L2, respectively. v̂C1 and
v̂C2 are the small-signal voltages across C1 and C2, respectively. δ̂1 to δ̂3 are the small-signal
duty cycle of Mode–1 to Mode–3, respectively.

Including perturbations in Equations (28)–(30), the resultant state-space representation
is given by Equations (31) and (32).
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
dîL1
dt

dîL2
dt

dv̂C1
dt

dv̂C2
dt

 =


0 0 − 1

L1
(1 − d1 − d2 − d3) − 1

L1
(1 − d1 − d2 − d3)

0 0 1
L2
(d1 + d2 + d3) − 1

L2
(1 − d1 − d2 − d3)

1
C1
(1 − d1 − d2 − d3) − 1

C1
(d1 + d2 + d3) 0 0

1
C2
(1 − d1 − d2 − d3)

1
C2
(1 − d1 − d2 − d3) 0 − 1

RC2




îL1

îL2

v̂C1

v̂C2



+



1
L1
(VC1 + VC2 + V1)

1
L1
(VC1 + VC2 + V2)

1
L1
(VC1 + VC2 + V1 + V2)

1
L1
(d1 + d3)

1
L1
(d2 + d3)

1
L2
(VC1 + VC2)

1
L2
(VC1 + VC2)

1
L2
(VC1 + VC2) 0 0

− 1
C1
(IL1 + IL2) − 1

C1
(IL1 + IL2) − 1

C1
(IL1 + IL2) 0 0

− 1
C2
(IL1 + IL2) − 1

C2
(IL1 + IL2) − 1

C2
(IL1 + IL2) 0 0



δ̂1

δ̂2

δ̂3

v̂1

v̂2



(31)

v̂0 =
[
0 0 0 1

]
îL1
îL2
v̂C1
v̂C2

 (32)

By comparing Equations (31) and (32) above with general state-space representation
as shown in Equation (33) below, the matrix Â is identified.

.
x̂ = Âx̂ + B̂û
ŷ = Ĉx̂ + D̂û

}
(33)

where Â is a small-signal model system matrix, B̂ is a small-signal model input matrix, Ĉ is
a small-signal model output matrix, and D̂ is a small-signal model feed forward matrix. x̂
is a small-signal model state vector matrix,

.
x̂ is a first derivative of the small-signal model

state vector matrix, û is a small-signal model input vector matrix, and ŷ is a small-signal
model output vector matrix.

The characteristic equation is ∣∣Â − SI
∣∣ = 0

where S is the Laplace transform variable and I is the identity matrix of order 4 × 4.

S4 + S3 1
RC2

+ S2
(

(d1+d2+d3)
2

C1L2
+ (1−d1−d2−d3)

2

C2L2
+ (1−d1−d2−d2)

2

C1L1
+ (1−d1−d2−d3)

2

C2L1

)
+S
(

(d1+d2+d3)
2

RC1C2L2
+ (1−d1−d2−d3)

2

RC1C2L1

)
+ 1

C1C2L1L2
((1 − d1 − d2 − d3)

4

+2(1 − d1 − d2 − d3)
3(d1 + d2 + d3) + (1 − d1 − d2 − d3)

2(d1 + d2 + d3)
2) = 0

(34)

Compare Equation (34) with the equation below:

S4 + S3a + S2b + Sc + d = 0.

As the order of the system is four, instead of using a pole-zero plot, the RHSC technique
is employed to find the stability of the proposed converter to avoid the difficulty of finding
poles and zeros of higher order systems. The R-H stability criterion table is shown below.

S4

S3

S2

S1

S0

∣∣∣∣∣∣∣∣∣∣∣

1 b d
a c 0

ab−c
a d 0

abc−c2−a2d
ab−c 0 0

d 0 0

From the R-H stability criterion table, all the coefficients of Equation (34) are positive,
real, and non-zero. Furthermore, all the elements of the first column of the R-H stability
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criterion table are positive. Therefore, the system is stable under any duty cycle value,
which is less than the maximum allowable value.

2.4. Steady-State Modeling

The steady-state modeling helps to find output voltage and current expressions in
terms of duty cycle and also helps to design the system parameters. We replace variables
with steady-state variables in all average large-signal equations. Consider that V1 and V2
are the steady-state solar panel and fuel cell voltages, respectively. VL1 and VL2 are the
steady-state voltage across L1 and L2, respectively, and IL1 and IL2 are the steady-state
current flowing through L1 and L2, respectively. VC1 and VC2 are the steady-state voltages
across C1 and C2, respectively, and IC1 and IC2 are the steady-state current flowing through
C1 and C2, respectively. ID1 and ID2 are the steady-state currents flowing through diodes
Diode1 and Diode2. I1 and I2 are the steady-state current flowing from the source solar
panel and fuel cell, respectively.

From Equations (1)–(5), (8)–(12), (15)–(19) and (22)–(25),
Volt-Sec balance equation at L1,

V1d1T + V2d2T + (V1 + V2)d3T + (−VC1 − V0)(1 − d1 − d2 − d3)T = 0.

By simplifying the above equation,

V1(d1 + d3) + V2(d2 + d3)− VC1(1 − d1 − d2 − d3)− V0(1 − d1 − d2 − d3) = 0. (35)

Volt-Sec balance equation at L2,

VC1d1T + VC1d2T + VC1d3T − V0(1 − d1 − d2 − d3)T = 0.

By simplifying the above equation,

VC1 = V0

(
1 − d1 − d2 − d3

d1 + d2 + d3

)
. (36)

Substitute Equation (35) in (36) to find the expression for output voltage as shown in
Equation (37).

V0 =
d1 + d2 + d3

1 − d1 − d2 − d3
(V1(d1 + d3) + V2(d2 + d3)) (37)

Amp-Sec balance equation at C1,

− IL2d1T − IL2d2T − IL2d3T + IL1(1 − d1 − d2 − d3)T = 0.

By simplifying the above equation,

− IL2(d1 + d2 + d3) + IL1(1 − d1 − d2 − d3) = 0. (38)

Amp-Sec balance equation at C2,

− I0d1T − I0d2T − I0d3T + (IL1 + IL2 − I0)(1 − d1 − d2 − d3)T = 0.

By simplifying the above equation,

IL2(1 − d1 − d2 − d3) + IL1(1 − d1 − d2 − d3) = I0. (39)

By solving Equations (38) and (39),

IL2 = I0 =
V0

R
(40)
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IL1 =
V0

R
d1 + d2 + d3

1 − d1 − d2 − d3
. (41)

2.4.1. Effect of Parasitic Elements

Figure 6 shows the proposed converter with parasitic elements, where RL1, RL2, RC1,
and RC2 are the internal resistance of L1, L2, C1, and C2, respectively, and RS1, RS2, RS3,
RS4, RD1, and RD2 are the on-state resistance of S1, S2, S3, S4, Diode1, and Diode2. VFD1 and
VFD2 are the forward bias voltages of diodes Diode1 and Diode2.
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The output voltage expression by considering parasitic elements is given in Equation (42).

V0 =

d1+d2+d3
1−d1−d2−d3

(V1(d1 + d3) + V2(d2 + d3) − VFD1

(
1−d1−d2−d3

d1+d2+d3

)
− VFD2(1 − d1 − d2 − d3))

1 + A10 + A11 + A12 + A13 + A14 + A15 + A16
(42)

where
A10 =

RL2

R

A11 =
RD2

R
1

1 − d1 − d2 − d3

A12 =
RD1

R

(
(d1 + d2 + d3)

2

1 − d1 − d2 − d3

)

A13 =
(d1 + d2 + d3)

2

(1 − d1 − d2 − d3)
2

(
RS1

R
d1 +

RS2

R
d2 +

RS3

R
d3

)

A14 =
RS4

R
(d1 + d2 + d3)

(
1 +

2(d1 + d2 + d3)

(1 − d1 − d2 − d3)
+

(d1 + d2 + d3)
2

(1 − d1 − d2 − d3)
2

)

A15 =
RL1

R

(
(d1 + d2 + d3)

2

(1 − d1 − d2 − d3)
2

)

A16 =
RC1

R

(
(2(d1 + d2 + d3)− 1)(d1 + d2 + d3)

(1 − d1 − d2 − d3)

)
.

The parasitic elements have a big influence on the converter’s gain and efficiency.
Equation (42) can be used to compute the gain, and Section 3 discusses power losses and
efficiency calculations.

2.4.2. Inductor and Capacitor Selection

The proper selection of inductors and capacitors impacts the system performance by
allowing the converter to function in the desired conduction mode.
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The value of L1 is given by Equation (43).

L1 =
(V1(d1 + d3) + V2(d2 + d3))T

∆IL1
(43)

where ∆IL1 is the change in IL1. The expression of ∆IL1 is shown in Equation (44).

∆IL1 = IL1max − IL1min (44)

The value of L2 is given by Equation (45).

L2 =
V0(1 − d1 − d2 − d3)T

∆IL2
(45)

where ∆IL2 is the change in IL2. The expression of ∆IL2 is shown in Equation (46).

∆IL2 = IL2max − IL2min (46)

The value of C1 is given by Equation (47).

C1 =
V0(d1 + d2 + d3)T

R∆VC1
(47)

where ∆VC1 is the change in VC2. The expression of ∆VC1 is shown in Equation (48).

∆VC1 = VC1max − VC1min (48)

The value of C2 is given by Equation (49).

C2 =
V0(d1 + d2 + d3)T

R∆VC2
(49)

where ∆VC2 is the change in VC2. The expression of ∆VC2 is shown in Equation (50).

∆VC2 = VC2max − VC2min (50)

2.4.3. Condition for DCM

The proposed converter’s CCM operation in discussed in this paper. The condition to
maintain its operation in CCM is given below and also shown in Figure 7.
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The design and selection of inductor L1 and L2 should follow Equations (51) and (52),
respectively, to maintain the system operation in CCM.

2L1

RT
>

V1(d1 + d3) + V2(d2 + d3)

V0

(1 − d1 − d2 − d3)

(d1 + d2 + d3)
(51)

2L2

RT
>

(1 − d1 − d2 − d3)

1
(52)

where 2L1/RT and 2L2/RT are the time constants of L1 and L2, respectively.
If the design fails to follow the conditions shown in the above two Equations ((51) and

(52)), the system will start operating in DCM.

3. Voltage Stress and Efficiency Calculations
3.1. Voltage Stress Calculations

When choosing the best power switches and diodes, voltage stress is a crucial factor
to consider. As a result, it is necessary to determine the voltage stresses. When a power
electronic switch is turned off, the voltage stress is equal to the maximum voltage magnitude
across the switch. Figure 8 shows the voltage waveforms of power switches and diodes, as
well as the gating pulses of the proposed converter.

The voltage stress of S1(VVS1) is given below.

VVS1 = max(0, V1 − V2,−V2, V1) = V2

The voltage stress of S2(VVS2) is given below.

VVS2 = max(V2 − V1, 0,−V1, V2) = V2

The voltage stress of S3(VVS3) is given below.

VVS3 = max(V2, V1, 0, V1 + V2) = V1 + V2

The voltage stress of S4(VVS4) is given below.

VVS4 = max(0, 0, 0,−VL1) = VL1 = VC1 + V0 =
1

1 − d1 − d2 − d3
(V1(d1 + d3) + V2(d2 + d3))

The voltage stress of Diode1(VVSD1) is given below.

VVSD1 = max(−V1,−V2,−(V1 + V2), 0) = V1 + V2

The voltage stress of Diode2(VVSD2) is given below.

VVSD2 = max(−VL2 −V0,−VL2 −V0,−VL2 −V0, 0) = VL2 +V0 = VC1 +V0 =
1

1 − d1 − d2 − d3
(V1(d1 + d3) + V2(d2 + d3))

3.2. Efficiency Calculations

Power loss calculation due to the parasitic elements is given below

Power loss due to the parasitic elements =
4
∑

j=1
PSj +

2
∑

j=1
PRLj +

2
∑

j=1
PRCj +

2
∑

j=1
PRDj +

2
∑

j=1
PVFDj

= IS1R
2RS1 + IS2R

2RS2 + IS3R
2RS3 + IS4R

2RS4 + IL1R
2RL1 + IL2R

2RL2 + IC1R
2RC1

+ IC2R
2RC2 + IDR1

2RD1 + IDR2
2RD2 + IDavg1VFD1 + IDavg2VFD2

where PS1, PS2, PS3, PS4, PRL1, PRL2, PRC1, PRC2, PRD1, and PRD2 are the ohmic losses of S1,
S2, S3, S4, L1, L2, C1, C2, Diode1, and Diode2, respectively. PVFD1 and PVFD1 are the power
loss due to VFD1 and VFD1. IS1R, IS2R, IS3R, IS4R, IL1R, IL2R, IC1R, IC2R, IDR1, and IDR2 are
the RMS value of currents flowing through S1, S2, S3, S4, L1, L2, C1, C2, Diode1, and Diode2,
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respectively. IDavg1 and IDavg2 are the average value of current flowing through Diode1 and
Diode2, respectively.
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Switching losses of the switches are given below.

Switching losses of the switches =
4
∑

j=1
PSjSW

= 1
2

4
∑

j=1
VSj ISjP

(
tonSj + to f f Sj

)
fs +

1
2

4
∑

j=1
V2

SjCOSS fs

Here, PS1SW , PS2SW , PS3SW , and PS4SW are the switching losses of S1, S2, S3, and S4,
respectively. VS1, VS2, VS3, and VS4 are voltage across the switches S1, S2, S3, and S4,
respectively. IS1P, IS2P, IS3P, and IS4P are the peak value of currents flowing through
switches S1, S2, S3, and S4, respectively. tonS1, tonS2, tonS3, and tonS4 are the on-state time
period of switches S1, S2, S3, and S4, respectively. to f f S1, to f f S2, to f f S3, and to f f S4 are the
off-state time period of switches S1, S2, S3, and S4, respectively. The COSS is the output
capacitance of the switches.

The total power loss of the converter is

PLoss = Power loss due to the parasitic elements + Switching losses.

Therefore, the efficiency of the converter is

%E f f iciency =
Pout

Pout + PLoss
× 100,

where Pout is the output power of the proposed converter. At specified inputs and duty
cycles, the proposed converter provides the required power to the load at the rated output
voltage with great efficiency and accuracy.

4. Possible Operating Scenarios

In addition to the six modes of operation, the proposed converter can also be operated
in three other ways, each with its own output voltage expressions, as shown in Table 1,
where D4 is the duty ratio of switch S4 and, similarly, D1, D2, and D3 are the duty ratios of
switches S1, S2, and S3, respectively. The equivalent circuits of possible operating scenarios
of the proposed converter are shown in Figure 9.

Table 1. Possible operating scenarios of the proposed converter.

Scenarios Solar Panel (V1) Fuel Cell (V2) Action Output Voltage (V0)

1 1 0 Solar PV panel alone
supplying the load

V1 D4
1−D4

; D1 = 1

2 0 1 Fuel cell alone
supplying the load

V2 D4
1−D4

; D2 = 1

3 1 1
Fuel cell and solar
PV panel together
supplying the load

(V1+V2)D4
1−D4

; D3 = 1

4.1. Solar PV Panel Alone Supplying the Load

In Scenario–2, the suggested converter can provide all of the required power to the
load using only a solar PV panel. Figure 9a depicts the power circuit for this operation. As
shown in Figure 4, this power circuit has two modes of operation: Mode–1 and Mode–4
of the original circuit. This potential operating situation would allow the vehicle to run
solely on solar energy. This process will assist the vehicle in avoiding the use of hydrogen,
lowering the vehicle’s operating costs to nearly nothing. The voltage at the output terminals
in this scenario is

V0 =
V1D4

1 − D4
; D1 = 1.
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load. (b) Solar PV panel alone supplying the load. (c) Fuel cell and solar panel together supplying
the load.

4.2. Fuel Cell Alone Supplying the Load

In Scenario–1, the designed converter can provide all of the required power to the load
using only the fuel cell. Figure 9b depicts the power circuit for this operation. As shown
in Figure 4, this power circuit has two modes of operation: Mode–2 and Mode–4 of the
original circuit. The automobile will be able to operate in the absence of daylight in this
scenario. The voltage at the output terminals in this scenario is

V0 =
V2D4

1 − D4
; D2 = 1.

4.3. Fuel Cell Plus Solar PV Panel Supplying the Load

In Scenario–3, with the help of a fuel cell and a solar PV panel, the designed converter
can provide the required power to the load. Figure 9c depicts the power circuit for this
procedure. This power circuit operates in two modes: Mode–3 and Mode–4 of the original
circuit, as depicted in Figure 4. The vehicle will be able to run on hydrogen and solar light in
this conceivable operational condition. The converter will be operated under this condition
when the solar PV panel alone is unable to give the required power to the load. This action
will assist the vehicle in reducing hydrogen usage, lowering the vehicle’s operating costs.
The voltage at the output terminals in this scenario is

V0 =
(V1 + V2)D4

1 − D4
; D3 = 1.

5. Results Discussion and Analysis

The steady-state behavior of the proposed fuel cell and solar photovoltaic panel pow-
ered SEPIC-based novel multi-input DC-DC converter for GIHEVs in CCM is addressed in
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this research paper. Isolated-gate bipolar transistors (IGBTs) are employed to carry out the
switching operation with switching frequency of 10 kHz. A laboratory-based experimental
setup is implemented to test the designed converter’s effectiveness. The solar PV panel
voltage is V1 = 12 V and the fuel cell voltage is considered as V2 = 20 V. By utilizing V1 and
V2, the proposed converter is designed to operate at 48 V output voltage and 230 W output
power. The experimental setup of the designed converter is shown in Figure 10, and the
design parameters are shown in Table 2. Experimentally generated gating pulses of the
four IGBT switches VGS1, VGS2, VGS3, and VGS4 along with the respective pulse amplitude
17 V, switching frequency 10 kHz, and duty cycles are shown in Figure 11a. The duty cycles
of S1, S2, S3, and S4 are 25.071%, 25.071%, 25.071%, and 74.97%, respectively.
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Figure 10. Experimental setup of the proposed SEPIC-based novel multi-input DC-DC converter.

Table 2. Experimental designed parameters of the proposed converter.

Component Value

Input Voltages V1 = 12 V, V2 = 20 V
Output Voltage V0 = 48 V
Output Power P0 = 230 W

Duty Cycle D1 = D2 = D3 0.25
Duty Cycle D4 0.75

Switching Frequency fs = 10 kHz
Inductors L1 = 20 mH, L2 = 20 mH
Capacitors C1 = 750 µF, C2 = 750 µF
IGBT (4) IRGP4086PbF
Diode (2) MUR1540

Load Resistance R = 10 Ω

The experimental waveforms of inductor voltages VL1 and VL2 and currents IL1 and
IL2 are shown in Figure 11b. The DC RMS values of VL1, VL2, IL1, and IL2 are 38.1 V, 27.9 V,
15.3 A, and 5.06 A, respectively. The experimental waveforms of input and output voltages
are shown in Figure 11c. The DC RMS values of V1, V2, and V0 are 12.3 V, 19.9 V, and 46.9 V,
respectively. The experimental waveforms of capacitor voltages VC1 and VC2 and currents
IC1 and IC2 are shown in Figure 11d. The DC RMS values of VC1, VC2, IC1, and IC2 are 14.4 V,
46.6 V, 9.10 A, and 9.40 A, respectively. The experimental waveforms of switches’ collector
to emitter voltages VS1, VS2, VS3, and VS4 along with respective maximum values are shown
in Figure 11e. The voltage stresses of S1 and S2 are almost equal to the highest value of
input voltage. In the case of S3, the voltage stress is equal to the sum of input voltages. The
voltage stress of S4 is 66 V which is less than twice the output voltage. Figure 11f shows the
experimental waveforms of the diode’s anode to cathode voltages along with respective
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maximum values that describe the voltage stress across the diodes. In the case of Diode1,
the voltage stress is equal to the sum of input voltages. The voltage stress of Diode2 is 66 V
which is less than twice the output voltage. Figure 12a shows the output voltage variation
as a function of duty cycle; the suggested converter can operate at a wide range of voltages
with lower duty ratios. The proposed converter enables the sources to supply power to
the load either separately or collectively at the rated output voltage with reduced turn-on
time of each switch. The suggested converter can also operate in buck mode, as shown
in Figure 12a, however, boost operation is validated in this research in order to use the
proposed converter in GIHEV applications. Figure 12b shows the efficiency variation with
varying load conditions; the suggested converter’s efficiency is 96% at the selected duty
cycle and rated load.
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currents. (e) Collector to emitter voltages of switches. (f) Anode to cathode voltages of diodes.
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Figure 12. (a) Output voltage variation over duty cycle variations. (b) Efficiency variation over
load variations.

The information about losses in the proposed converter is illustrated in Figure 13. As
per Figure 13a, among 4% power loss of the proposed converter, 90% losses are conduction
losses, and 10% losses are switching losses. Figure 13b describes the loss distribution
among power electronic switches in the designed converter. The Diode2 dissipates the
maximum share (54%) of the losses and the Diode1 dissipates 39% of the total losses. The
switches S1, S2, S3, and S4 are dissipating 1%, 1%, 1%, and 4% of the losses, respectively.
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The suggested converter is compared to known topologies in terms of efficiency and
gain in Figure 14a,b. Table 3 shows a comparison of the proposed converter with some of
the existing converters. When compared to [50], the suggested converter uses fewer total
circuit components and has lower voltage stress. The number of total circuit components
in the proposed converter is lower, and it delivers a greater gain at a higher efficiency than
in [51]. Ref. [52] describes a lower efficiency and a higher number of switching devices
than the suggested converter since it uses three relays in addition to the power electronic
switches to achieve the necessary operation. In comparison to the converter presented
in [53], the proposed converter has higher efficiency, excessive gain with the same output
voltage polarity, and lower voltage stress. The proposed converter is good at the number of
power electronic switches and efficiency, and it also avoids using the battery as one of the
inputs when compared to [54]. The designed converter can provide higher efficiency, higher
gain, and lower voltage stress with a smaller number of switches and storage components
when compared to [55]. The presented converter in [56] has a higher component count,
and a few switches have higher voltage stress than the proposed converter. Moreover, it
has eight energy storage elements for the two-input circuit, and it is challenging to analyze
the system and design a control logic compared to the proposed converter. The proposed
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converter has a smaller number of power electronic switches and energy storage elements
with lower voltage stress and higher efficiency than [57]. Finally, with positive output
voltage across the load, the suggested converter has a high gain, fewer components, lower
voltage stress, and improved efficiency.
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Table 3. Comparison of the proposed converter with existing topologies.
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[50] V0 = (d1+d2)V1+d2V2
1−d1−d2

2 0 3 0 5 93.50 High 2 2

[51] V0 = V1d1+(V1+V2)d2+V2d3
1−d1−d2−d3

2 4 0 4 3 94 - 1 1

[52] V0 = d1V1+(1−d1)V2
1−d2

2 0 3 3 1 93 - 1 1

[53] V0 = −V1d1+(V1+V2)d3+V2d2
1−d1−d2−d3

2 2 2 0 0 94 High 1 1

[54]

During discharging

V0 =
Vbatteryd1+(1−d1)V1+(1−d2)V2

1−d3
During charging

V0 =
−Vbatteryd1+V1+(1−d2)V2

1−d3

3 4 2 0 2 88–
94 Low 1 1

[55] V0 = (2−d1)V1+V2

(1−d1)
2 2 6 2 0 2 91 High 4 4

[56] V0 = (2−d1)V1+V2

(1−d1)
2 2 4 0 0 4 95 Moderate 4 4

[57] V0 = (2−d1)V1+V2

(1−d1)
2 2 3 0 0 3 94 Moderate 3 3

Proposed V0 = d1+d2+d3
1−d1−d2−d3

×
(V1(d1 + d3) + V2(d2 + d3))

2 4 0 0 2 96 Low 2 2

6. Conclusions

In this work, the design and analysis of the proposed SEPIC-based novel multi-input
DC-DC converter with high gain for grid-independent hybrid electric vehicles (GIHEVs)
are effectively demonstrated and validated with a hardware prototype. This converter
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actively adapted both a fuel cell and solar photovoltaic panel to provide the load with
continuous power. The proposed optimized topology and design allow the proposed
converter to operate at a wide range of output voltages and with power flow regulation at
lower duty cycle ratios. To achieve accurate design and improved analysis of the suggested
converter, average large-signal modeling, small-signal modeling, and steady-state modeling
are established. The proposed converter’s stability is examined using the R-H stability
criterion for the first time in this research. The output voltage expression of the converter is
obtained from the converter’s steady-state modeling. The proposed converter’s possible
operating scenarios with corresponding equivalent circuitry are also discussed, along with
the proper operation of the power switches to transmit power to the load from either a
single source or both sources. The performance of the suggested converter is compared
to that of some known converter topologies. At rated load, the converter’s efficiency is
96%, and voltage stress on the power electronics switches is also reduced. The gain and
efficiency are high, while losses are small. Furthermore, the system is steady across the
whole duty cycle range. This converter is suitable for low- and medium-powered GIHEVs.

Future scope

• Implement the proposed converter in a GIHEV and design an appropriate controller
to produce controlled output.

• Develop a low- and medium-power GIHEV with the help of the proposed converter, a
highly efficient and cost-effective fuel cell, and solar PV panel grid-independent-based
hybrid energy system.

• Using the proposed converter and artificial intelligence technique, design a low- and
medium-power autonomous GIHEV.

Author Contributions: S.B.: modeling, simulation analysis, hardware setup, writing—original draft
preparation, and investigation. B.S.: conceptualization, validation, writing—review, editing, analysis,
and supervision. All authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded by Vellore Institute of Technology, Vellore, India.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations and notations are used in this manuscript:

GIHEVs Grid-independent hybrid electric vehicles
SEPIC Single-ended primary-inductor converter
MIC Multi-input DC-DC converter
PV Photovoltaic
EVs Electric vehicles
CCM Continuous conduction mode
DCM Discontinuous conduction mode
S1 to S4 Four IGBT switches
Diode1 and Diode2 Two diodes
v1 and v2 Large-signal terminal voltages of solar panel and fuel cell, respectively
L1 and L2 Two inductors
C1 and C2 Two capacitors
R Load resistance
vL1 and vL2 Large-signal voltages across L1 and L2
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iL1 and iL2 Large-signal currents flowing through L1 and L2
iC1 and iC2 Large-signal currents flowing through C1 and C2
v0 Large-signal voltage across R
VGS1 to VGS4 Gating pulses of the switches S1 to S4
vC1 and vC2 Large − signal voltages across C1 and C2
i0 Large − signal current flowing through R
V0 Steady − state voltage across R
I0 = V0/R Steady − state current flowing through R
δ1 to δ3 Large-signal duty cycles of Mode–1 to Mode–3
T Time period of switching pulse
fs = 1/T Switching frequency
iL1min Minimum value of iL1
iL1max Maximum value of iL1max
iL2min Minimum value of iL2
iL2max Maximum value iL2max
x Average large-signal model state vector matrix
.
x First derivative of average large-signal model state vector matrix
u Average large-signal model input vector matrix
y Average large-signal model output vector matrix
A Average large-signal model system matrix
B Average large-signal model input matrix
C Average large-signal model output matrix
D Average large-signal model feed forward matrix
V1 and V2 Steady-state voltages of the solar panel and fuel cell
IL1 and IL2 Steady-state current flowing through L1 and L2
VC1 and VC2 Steady-state voltages across C1 and C2
d1 to d3 Steady-state duty cycle of Mode–1 to Mode–3
v̂1 and v̂2 Small-signal voltages of the solar panel and fuel cell
îL1 and îL2 Small-signal current flowing through L1 and L2
v̂C1 and v̂C2 Small-signal voltages across C1 and C2
δ̂1 toδ̂3 Small-signal duty cycle of Mode–1 to Mode–3
Â Small-signal model system matrix
B̂ Small-signal model input matrix
Ĉ Small-signal model output matrix
D̂ Small-signal model feed forward matrix
x̂ Small-signal model state vector matrix
.
x̂ First derivative of small-signal model state vector matrix
û Small-signal model input vector matrix
ŷ Small-signal model output vector matrix
S Laplace transform variable
I Identity matrix of order 4 × 4
V1 and V2 Steady-state solar panel and fuel cell voltages
VL1 and VL2 Steady-state voltage across L1 and L2
IL1 and IL2 Steady-state current flowing through L1 and L2
VC1 and VC2 Steady-state voltages across C1 and C2
IC1 and IC2 Steady-state current flowing through C1 and C2
ID1 and ID2 Steady-state currents flowing through diodes Diode1 and Diode2
I1 and I2 Steady-state current flowing from the source solar panel and fuel cell
RL1 and RL2 Internal resistance of L1 and L2
RC1 and RC2 Internal resistance of C1 and C2
RS1 to RS4 On-state resistance of S1 to S4
RD1 and RD2 On-state resistance of Diode1 and Diode2
VFD1 and VFD2 Forward bias voltages of diodes Diode1 and Diode2
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∆IL1 Change in IL1
∆IL2 Change in IL2
∆VC1 Change in VC1
∆VC2 Change in VC2
VVS1 to VVS4 Voltage stress of switches S1 to S4
VVSD1 and VVSD2 Voltage stress of diodes Diode1 and Diode2
PS1 to PS4 Ohmic losses of switches S1 to S4
PRL1 and PRL2 Ohmic losses of L1 and L2
PRC1 and PRC2 Ohmic losses of C1 and C2
PRD1 and PRD2 Ohmic losses of Diode1 and Diode2
PVFD1 and PVFD1 Power loss due to VFD1 and VFD1
IS1R to IS4R RMS value of currents flowing S1 to S4
IL1R and IL2R RMS value of currents flowing through L1 and L2
IC1R and a RMS value of currents flowing through C1 and C2
IDR1 and IDR2 RMS value of currents flowing through Diode1 and Diode2
IDavg1 and IDavg2 Average value of current flowing through Diode1 and Diode2
PS1SW to PS4SW Switching losses of switches S1 to S4
VS1 to VS4 Voltage across the switches S1 to S4
IS1P to IS4P Peak value of currents flowing through switches S1 to S4
tonS1 to tonS4 On-state time period of switches S1 to S4
to f f S1 to to f f S4 Off-state time period of switches S1 to S4
D1 to D3 Duty ratios of switches S1 to S3
COSS Output capacitance of the switches S1 to S4
Pout Output power of the proposed converter
PLoss Total power loss of the converter
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