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The hydrogen fuel cell is one of the latest technologies used in fuel cell
electric vehicles (FCEVs), which uses hydrogen gas to supply the
electrical energy needed by the electric engines. One of the important
challenges of FCEVs is that if the battery is fully discharged, there must
be a structure that can charge the battery with high efficiency through fuel
cells or other sources. Otherwise, charging stations should be placed for
such vehicles in many parts of the country, and on the other hand, high-
capacity batteries should be installed for them. Based on this, in this
article, a novel dual-input single-output high step-up converter with high
efficiency is presented, which is able to simultaneously charge the battery
with fuel cells and solar energy. The proposed topology has boost function
and uses a novel diodes and switches network, which leads to the creation
of an integrated system with high efficiency and high voltage gain. Other
advantages of the proposed converter are small size, low voltage and
current stresses on all the components, less component count, continuous
input current and light weight; which makes it more efficient compared to
existing structures. In this regard, theoretical calculations and steady state
analysis for the proposed system have been presented. Also, in order to
verify the performance of the proposed converter, it has been simulated in
the MATLAB/Simulink software environment at the rated power of 1kW,
with an output voltage of 220V and an output current of 4.55A, and the
results have been presented in detail. The peak efficiency of the proposed
converter reached 97.4% at half power, and the efficiency at rated power
was reported 96%. Moreover, in the proposed structure, the voltage stress
of capacitors, diodes and switches reaches the maximum value of 63%,
83% and 41% of the output voltage, respectively; which are promising
values. Finally, to verify the performance of the proposed converter and
the relationships obtained, a 1kW prototype is built in the laboratory to
demonstrate the efficiency of the proposed converter.

1. Introduction

Fossil fuels are a non-renewable source of energy
and they bring environmental problems such as air
pollution and have low energy production
efficiency. Because renewable energy resources
are easy to access and free to use, and also have
relatively higher efficiency than fossil resources,
so, today the energy sources used are changing
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from fossil sources to renewable sources such as
photovoltaics (PVs), wind energy and etc. But each
of these sources has limitations due to its own
structure. For example, PV does not produce
energy at night; Therefore, in order to provide
stable and permanent energy and increase the
reliability, these sources can be connected together
and with special structures, their energy production
can be delivered to the load. In addition, the
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connection of multiple sources in the system
provides the basis for studying optimal issues [1].
The problem of coordinating and providing a
mechanism for energy transfer from energy
production sources to the consumer or consumers,
as well as energy exchange between energy storage
sources (batteries) and the system can be solved by
using multi-input multi-output (MIMO) DC/DC
converters [2]. In line with these goals, various
topologies and structures have been presented in
this field, each of which has its own limitations and
advantages. Fuel cell electric vehicles (FCEVS) as
a newly emerging technology can provide the
power required for traction motor by using
renewable resources in addition to the fuel cells
(FCs) [3]. Therefore, it is very important to use the
high efficiency converter for energy management
in these types of vehicles.

2. Related Works and Literature Review

In this section, the existing literature and related
works in the field of MIMO converters are
reviewed and presented, and the advantages and
disadvantages of each are stated. In general, the
topologies of MIMO convertersused in FCEVs can
be categorized into three topologies: the first
category is converters with magnetic coupling, the
second category is converters with electrical
coupling, and the third category is hybrid
converters [4, 5]. In the converters of the first
category, there is a multi-coil transformer that
receives the primary coils of electrical energy and
converts it into a magnetic field in the core. This
field creates a voltage in the secondary and tertiary
windings and is given to the load, and thus
electrical energy is received from the input sources
and transferred to the output. In electric type
converters, there is no isolation between input and
output. These converters are offered in non-
isolated converters such as buck and boost. The
control of these converters is done with the
working period of the switches, and they have high
power of energy transmission. The third category
is a combination of the previous two categories that
have the advantage of isolation and easy control at
the same time [4];

The isolated buck-boost dual-input single-output
(DISO) converter is the first and simplest topology
for this category of converters [6]. In this topology,
the transformer has two roles, the first one can act
as a buck or boost agent, and the second one is to
gather energy from input sources in the form of
field flow. In this topology, two sources cannot
inject power to the load at the same time, and this
is considered one of the disadvantages of this
converter, however, this converter has a very
simple structure and its control is easily possible,
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but the inability to charge the battery and the lack
of attention to soft switching is one of the
disadvantages of the converter. Two-input full-
bridge converters are another widely used
converters in electric vehicles that work on the
basis of magnetic field [7]. In this type of
converters, the primary side mainly uses current
source converters, and the output rectifier is
usually a full bridge structure. The disadvantage of
this type of converters is high losses, the number of
components and its big dimension due to the use of
transformers.

In [8], a novel DISO converter family is
presented, obtained by embedding a general cell
into buck—boost and classic buck converters. The
main disadvantages of this converter are a limited
voltage gain and low efficiency. In [9], a novel
DISO converter was presented based on two
traditional boost converters combining with two
active clamp circuits and coupled inductors, which
provided two separate power flow paths from each
input port to the output load. Indeed, two boost
converter were placed in parallel and some
components played common roles to reduce the
number of converter elements. This issue leads to
the fact that the owverall power is strongly
dependent on the power status of each of the inputs,
so that if one source has a problem, then the overall
system status becomes unstable.

Series and parallel structures are also widely
used in multi-input converters. In the article [10], a
structure is presented that is designed to combine
two sources of electrical energy and is presented in
two types of series and parallel, which in the series
type, the flow current of the two converters is
equal. But because the voltages are in series, it is
difficult to control the output voltage. In addition,
the occurrence of problems in any of the converters
can cause a total interruption of energy transfer to
the load. Another converter is presented in the
article [11], where two input sources are connected
to the battery using a boost converter and to the
output using a full bridge converter, respectively.
This converter has a simple structure, but its
voltage gain is limited.

In [12], the structure of the two-input converter
with three power switches is presented. In this
topology, the battery is regularly charged and
discharged, which is one of the disadvantages of
this converter; On the other hand, one of its
advantages is soft switching, thus causing the
switching loss in this converter to be low and the
converter can be used for cases with high power
switching. In [13], a non-isolated MIMO converter
is designed for electric vehicles, where an energy
storage source such as a battery and FCs are placed
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together; However, the voltage level of the battery
must always be higher than the FCs, which is
considered a big disadvantage. A novel DISO DC-
DC converter based on quasi-Z source is presented
in [14]. This topology is a suitable converter for
efficiently interfacing two input sources with a
common load. The proposed converter, by
integrating the coupled-inductor and switched-
capacitor cell provides a high voltage gain at small
duty cycles. The main disadvantage of this
structure is the existence of a coupled inductor,
which increases the overall dimensions and weight.
As a summary, the positive and negative features
of the investigated converters are listed in Table 1.

2.1. Research Gap

According to the studies conducted in Section 2
and the review of the existing literature, it can be
stated that the structures that have been presented
so far have deficiencies that can be mentioned as
follows: 1) Limited performance; 2) Limited
voltage gain; 3) High number of components; 4)
Complicated design; 5) High voltage stress of
switches; 6) High voltage stress of diodes; 7) High
number of components and 8) High input current
ripple. These defects are separately listed in Table
1 for each converter. In addition to the
disadvantages mentioned in the studied structures,
in order to have a high voltage gain, it is necessary
to have a high duty cycle of the power switches;
which increases losses and reduces the lifespan of
switches. In addition, high voltage and current
stresses increase losses and costs. Accordingly,
there is a research gap in the existing literature to
provide a structure that can achieve high voltage
gain at low duty cycle and simultaneously have two
inputs. In addition to the mentioned advantages, in
the proposed converter, the number of components
should be less, the efficiency should be higher, and
the voltage and current stresses of the components
should be lower.

2.2. Contribution and Organization

This paper proposes a hovel DISO high step-up
DC-DC converter that considers the different
requirements of new energy generation systems for
dual-input converters for FC/PV electric vehicle
without using any coupled inductor and
transformers.

Pezhman Bayat et al.

Table 1: Comparison of existing topologies of the MIMO
DC-DC converters
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100%
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++ High number of components
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B Three-winding transformer

W Magnetically isolated
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100%
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+¢ Limited performance
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W Continuous input current

W Double input possibility
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100%

« High input current ripple
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W Triple input possibility
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W Continuous input current

W Triple input possibility
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+«*High number of components
«+ Limited voltage gain

W Simple structure
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++ High number of components
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Figure 1: Hybrid FC/PV electric vehicle power flow based on a proposed dual-input high step-up DC-DC converter.

The proposed topology has two input sources,
boost function, and a novel diodes and switches
network, which leads to the creation of an
integrated system with high efficiency and high
voltage gain. Moreover, the proposed network
structure reduces the voltage stress on the
capacitors and all diodes. Other advantages of the
proposed topology are small size, low voltage and
current stresses on all the components, less
component count, continuous input current and
light weight. According to Fig. 1 and as mentioned
earlier, this converter is generalized for FC/PV
electric vehicle applications. However, it can be
used in all hybrid energy applications.

In summary, the innovations of the present article
are as follows:

e A novel DISO high step-up DC-DC converter
is provided with unique features for FC/PV
electric vehicle applications;

e The proposed topology has a novel diodes and
switches network, which leads to the creation
of an integrated system with high efficiency
and high voltage gain;

e The proposed network structure reduces the
voltage stress on the capacitors and all diodes;

e The proposed topology has unique features
such as small size, low voltage and current
stresses on all the components, less component
count, continuous input current and light
weight;

e In the proposed converter, the inputs are able
to supply the load together or individually,
which increases the reliability of the converter;
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e In addition to the fact that the converter has
been developed for FCEVs, however, the high
voltage gain and low losses in the converter
have made it possible to use it in industry and
renewable energy;

e In order to confirm the proposed structure, in
addition to complete theoretical calculations,
the converter for the input of 24V PV panel and
48V FC module has been simulated in the
MATLAB/Simulink software environment
and the results have been presented and
compared with the theoretical results.

The rest of this paper is organized as follows. In
the Section 3, the structure of the proposed DISO
converter is given in detail. Operating modes of the
proposed DISO converter and derivation of voltage
gain are presented in Section 4. Section 5 provides
derivation of voltage stresses on the components.
Efficiency analysis is reported in Section 6. The
simulation and experimental results of the
proposed converter and comparative analysis are
completely shown in Sections 7 and 8. Finally,
Section 9 concludes this paper.

3. Proposed DISO High Step-up DC-DC
Converter

In this section of the paper, the structure and
components of the proposed DISO high step-up
converter are given in detail. The proposed
topology is shown in Fig. 2, which is composed of
L, @s an input inductor, S;, S, and S5 as three
metal-oxide-semiconductor field-effect transistors
(MOSFETS); Furthermore, there are three
capacitors (Cy, C, and C3) and five diodes (D4, D,,
D;, D;, and D, ) in the proposed topology.
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Capacitors C, and C5 assume the task of supplying
the load in different duty cycles and supply the
load.

In the design of the proposed converter, D, C,
and C; are considered as output filters, so that
when the MOSFETs are turned OFF and ON,
capacitor C, and C5 are charged and discharged
and supply the load. V- and Vpy, are used as the
input voltages to display the FC and PV voltages.
The suggested work mode of the converter is
continuous current mode (CCM). Fig. 2 shows the
circuit configuration of the proposed high step-up
converter. Also, Fig. 3 shows the operating modes
of the proposed topology. The typical
voltage/current waveforms in the CCM mode for
this DISO high step-up converter are shown in Fig.
4.

4. Operating Modes of the Proposed DISO
Converter

The detailed analysis of the proposed converter
is on the assumptions of [3]:

e All the calculations are in the CCM.

e The power MOSFETSs and the diodes are ideal
switches.

e Input inductor and all of the capacitors are
linear, time invariant, and frequency
independent.

e The capacitors voltages are constant in a
switching period.

amm
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e
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=C,

i |
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Figure 2: Proposed transformer-less dual-input high
step-up DC-DC converter.

There are two operating modes of the proposed
converter in one switching period, as shown in Fig.
4.

Pezhman Bayat et al.

Mode I [to, t1]: In this mode, as shown in Fig.
3(a), the switches S;, S, and S5 are in ON state; the
input inductor (L;,) stores energy from input
source Vg and the voltage across L;, iS Vpc +
Ve1 - The input inductor current i;;, increases
linearly. The diodes D;,, D1, D, and D5 are in OFF
state, while the diode D, is in ON state. By
applying Kirchhoff’s voltage law (KVL) on the
circuit in Fig. 3(a), following equations are
obtained.

VHode! = Ve + Vg = Vs (1)
vgrede! = iy + Ves (2

Mode 11 [ty, t2]: In this mode, as shown in Fig.
3(b), the switches S; and S, are in ON state; while
the switch S5 is in OFF state. L, stores energy
from input source Vpy, and the voltage across L;y, is
Vpy + V1. Since the voltage level of the PV panel
is lower than that of the FC module, So, the current
of the input inductor current (i, ;,,) increases with a
lower slope than in the first mode of operation.
Furthermore, similar to the first mode, the diodes
D;,D, and D5 are in OFF state, while the diodes
D, and D;, are in ON state. By applying KVVL on
the circuit in Fig. 3(b), following equations are
obtained.

Viede !l = Vi, + Vg = Ves (3)
Vvarode !l = Viey + Vs (4)

Mode 111 [t;, ts]: At t,, switches S; and S,
receive the turn OFF signal and start to turn OFF.
The switch S is still OFF. So, all switches are
OFF. D;,, D1, D, and D5 are in ON state, while the
diode D, is in OFF state. The voltage across L;, is
Vpy — Ve and the input inductor current (iz;,)
decreases. By applying KVL on the circuit in Fig.
3(c), following equations are obtained.

VLAL{Ir(L) delll — Vey —Ver (5)
Ver = Ve (6)
vgredel = Ve, + Vs (7)

3.1. Derivation of Voltage Gain

The symbols D,,, and D5 are defined as the
switches S ,, and S3 duty cycles, respectively. In
the proposed converter both inputs Vi and Vpy, are
involved in transferring energy to the battery. The
volt-second balance principle applies to the input
inductor L;,. Therefore, the L;, average voltage in

one period of switching can be expressed as

VLI\;I:deIdModeI+VL1\ilodelldModelI+

Automotive Science and Engineering (ASE) 4272
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yModelllgMode Il gg  considering that the
average voltage of the input inductor in a
switching period is equal to zero, we have:

Vi)t =0 - (VLA;Ir(l)deI)D
+ (Vi ") (Dm — D3)
+ (VLl ode III)(l m)
=0

(8)

So, using (1), (3) and (5), (Viin)r can be
calculated as follows:

(Viindr = (Wpc + Ve1)Ds
+ (Vpy + V) (D
- D3) (9)
+ (Vpy = Ve )(A = Dpy)
=0

By simplifying (9), we have:

VecD3 + Vpy (1 — Ds3)
1-2D,,

Ver=Ve = (10)

Also, the average amount of output voltage in
one switching period is as follows:

Vodr = Vez + Ves (11)

By combing the equations (1) and (11), the
output voltage can be expressed as follows.

Vo = Ve + Vee + Ve (12)

Using (10) and (12), the voltage gain can be
determined by the following equation.

05+D;—D
Vo= (“55 =0, ) Vre

( 1—-D; )V
0.5-D,

5. Derivation of Voltage Stresses on the
Components

(13)

By using (3) and (10), the voltage stress across
the capacitors C,, C, and C3 can be obtained as:
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VPeak VCPZeak —
= (7=55,)"
~\1-2p,,/ ¢ (14)
1— D,
— |V
(1 — 2D, ) v
VPeak VF _|_VPeak

_(1+D3—2D )V
“\ 1-2D, Fe (15)

4 ( 1—-D; )V
1-2D,,/ "
Also, the voltage stresses of all of the switches

and diodes for presented topology are given as
follows:

VPeak VPeak VMode 111

VPV Lin
=Vpy +Ve1 —Vey =V

- (1_’)%%) Vo (16)

+(1—D3 )V
1-2D,,) ™

From Modes II and I11: VEZ%¥
(17)

= Vrc — Vpy

From Mode I: VEE™ = Vo — Vpy (18)

From Modes I1 & I11: VEeak = yFeak
Peak

v 19
(1 - 2Dm> Fe (19)
3

v

(1 - ZDm) i

From Modes II & 111 VP"’“" vkeak

(1 —2D,, )VFC (20)
1— D,
(1 - 2D, )V”V
From Mode III: Vpeak

Vl%;)de 111 + VPeak

VC Peak + VPeak VPV

_( 2D, )V
~\1-2p,/) ¢

+2( 1= Ds )V
1-2D,,) "

(21)
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Figure 3: Operating modes of the proposed converter; (a)

Mode 1, (b) Mode 2, and (c) Mode 3.
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Figure 4: Typical waveforms of the components.

6. Efficiency Analysis

The power loss of the proposed topology is
composed of the power dissipation of switches,
diodes, magnetizing element, and capacitors.

Power dissipations of the switches are composed
of conduction loss and switching loss, which can
be expressed as [3, 14]:

3
Pg = Z 1pcond,5i + Psw si
i=

3
= Z Tsilgi—rums (22)

=1
1
+ gVSifsiIsi(ton + toff)
where 7g; isthe MOSFETs ON-resistance; Peonq s
is conductive losses; Pgy s; Is switching losses;
Isi_rus 1S root mean square of MOSFETS; f; is

switching frequency; t,,, is MOSFET turn-on time
and t,rr is MOSFET turn-off delay time.

Also, the diodes power losses are:

1,2,3,in,0 5
Pp = Z "oilpi-rus + Vepilpi-avg  (23)

i
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where rp; is the diode forward resistance; Vgp; is
the diodes threshold voltages and Ip;_g,, IS

average diode current.

The losses in input inductor L;, and capacitors
are:

Prin = TLinlfin—RMS (24)

3
Pc = Z eriIgi—RMS (25)
i=

where r;;;,, is the equivalent series resistance (ESR)
of the input inductor Ly, ; r¢; is the ESR of the
capacitors; I;;,_rys IS RMS current of input
inductor and I;_gzys IS RMS current of
capacitors.

Hence, the overall power loss of the proposed
converter is:

P[gstsal:PS'i'PD‘l'PLin‘l'PC (26)

Finally, the calculated efficiency of the proposed
converter can be calculated by:

P P

M= P, " P + P+ Py + P+ P,

7. Simulation and Experimental Results

In this section, simulation and experimental
results are presented to verify the performance of
the proposed DISO converter. The simulation was
done in the Simulink environment of MATLAB
software and the parameters used in the simulation
and experimental prototype are presented in Table
2.

7.1. Simulation Results

To achieve simulation results, the input voltage
of the PV panel (Vpy,) was considered equal to 12
volts and the input voltage of the FC module (Vi)
was considered equal to 24 volts. Also, the
switching frequency is equal to 70 kHz. In the
simulation results, the key waveforms of the
proposed converter, including PWM signals for
switches S;, S, and S3, the voltage and current of
the input inductor (V. and I.;), the output
voltage and current (V, and I,) and the voltages of
the diodes (Vp1, Vp2, Vps3 and Vp,,) were extracted
and shown in Figs. 5(a)-(e). The duty cycle of the
MOSFET S5 is equal to 15% and the MOSFETS S,
and S, are simultaneously set to 35%; and the
results are extracted with fixed duty cycles (see

Fig. 5(a)).
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(27)

Table 2: Parameters of the proposed converter used to
derive simulation and experimental results

Parameters Values
PEMFC voltage

48V
(Vc)
PV Voltage (Vpy) 24V
Output voltage 220V
M?rﬁl.xoutput power 1KW
(Pout

MOSFET; IRFP4668PbF
with Rps(ON) = 8maQ;

Sl~3 Td,on = 41nS, Td,off =
64ns; Vpss = 200V; I, =
1304
Ultrafast diode; RURP3020,
D;..3,Din, 200V /304; r, = 0.03Q;
Vinex =1y
Ultrafast diode; RURP3060,
D, 600V /304; 1, = 0.04Q;
VX = 1.5V
€, C, and G, ggﬁf/zoov, with 7,
Switching frequency 70KHz
(fs)
Ly 220uH with r; = 0.20

From Fig. 5(b), peak voltage and average current
of the input inductor (V,;, and I;;;,) are 133.35V
and 30A, respectively. Also, as shown in Fig 5(c),
the output voltage and load current are equal to
218.5V and 4.36A, respectively. Since the voltage
of the FC is assumed equal to 48V and the voltage
of the solar cell is assumed equal to 24V, and also
the value of the duty cycle for the first and second
MOSFETSs is equal to 35% and the value of the
duty cycle for the third MOSFET is equal to 15%,
then based on (13), the output voltage value of
232V is obtained; which is equal to the simulation
value with high accuracy. The reason for the
difference is that the parasitic resistances of
capacitors, input inductors, diodes, and the ON-
state resistances of MOSFETSs have been neglected
in the calculation of the voltage gain according to
the assumptions of the present study. According to
the simulation results presented in Fig. 5(d), the
peak voltages of the diodes indicated by Ve,
ypeak yleak yPeak and yheak are 23.3V, 85V,
87.2V, 87V and 174V, respectively. These results
are equal to the theoretical calculations presented
in (18) to (21).

Also, the voltage stresses on the components are
derived and shown in Fig. 6. The peak efficiency
reaches 97.4% at half power, and the efficiency at
rated power is 96%. According to simulation
results, the proposed converter has advantages of
high voltage gain, the least number of components,
continuous input current, and common ground.
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Figure 5: Simulation Results: (a) PWM signals for switches; (b) Voltage and current of the input inductor (V,;, and
I.;n); (c) Output voltage and current (V, and I,,); (d) Voltages of the diodes (Vp1, V2, Vp3 and Vp,); (€) Voltages of

the capacitors (C;,

C, and C3).
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“Also, the voltages of the capacitors (C;, C, and
C3;) were extracted and shown in Fig. 5(e).
According to the simulation results, capacitors with
suitable voltage and low cost can be selected,
which reduces the total operating cost. According
to the simulation results in Fig. 5(e), the peak
voltages of the capacitors indicated by
vEeak, yEeak and VEEY* are 87.5V, 87.5V and
132.8V, respectively. These values are equal to the
theoretical calculations presented in (14) and (15).

So, based on simulation results, the proposed
topology is useful in FCEVs applications because
of its simple structure, high voltage gain, low input
current ripple, common ground, and high
efficiency. It is noteworthy that, the simulation
results agree well with the theoretical analysis of
the converter.

In order to show the accuracy of theoretical
calculations, simulation results and theoretical
results are listed side by side in Table 3. According
to the results, it is clear that the results of
simulation and theoretical calculations are close to
each other with high accuracy.

Table 3: Comparison of simulation results and
theoretical calculations

Parameters Theoretical Simulation
Calculations Results
vEeak From (14): 92V 87.5V
vkEeak From (14): 92V 87.5v
vkeak From (15): 140V 132.8v
vheak From (16): 92V 87.5V
ybeak From (16): 92V 87.2v
ybeak From (17): 24V 23.3V
vpeak From (18):24V 23.3V
ypeak From (19): 92V 85V
vEeak From (19): 92V 87.2V
v peak From (20): 92V 87Vv
Vpeak From (21): 184V 174V
Vo From (13): 232V 218.5vV

7.2. Experimental Results

In this section, in order to confirm the theoretical
calculations and simulation results that were
presented in the previous sections, the proposed
system has been built and the results obtained from
the construction of a 1kW prototype in the
laboratory are provided. Fig. 7 shows the
experimental setup of the proposed converter
prototype.

Fig. 8 shows experimental waveforms of
voltages/currents for Vgs_s ., i, Vouts lout @Nd

Vci,cz,c3 - According to Fig. 8(b), itis clear that the
input inductor current (i, ) increases with an

Pezhman Bayat et al.

upward slope when the MOSFETs are ON, and
decreases on the opposite side when the MOSFETS
are turned OFF. It is also clear that the peak-to-
peak current ripples in the input inductor are very
low and it is about 2.5A even if the system is
working at high power and since these stresses
transfer on the input sources; therefore, the stresses
on the input sources are low and their lifespan
increases significantly.

In Figs. 8(c) and (d), the experimental voltage
stresses on the capacitors Vg1, Ve, and Vg at P, =
1000W are extracted and depicted. These
waveforms show that the voltage stresses of the
capacitors are 88V, 88V and 133V, respectively.
Based on the results, it is clear that the obtained
values are significantly equal in theoretical
calculations, simulation and experimental results.
It is again confirmed that the proposed converter is
appropriate for the practical applications.

, ‘

Figure 7: Experimental prototype device of the
proposed dual-input high step-up DC-DC converter.

7.3. Efficiency and Power Losses Analysis

The theoretical efficiency curve (based on
Section 6), the efficiency curve obtained from the
simulation in the MATLAB/Simulink software
environment and the efficiency curve obtained
from experimental results of the proposed topology
as a function of the output power P, at the input
voltages of Vi = 48V and Vp, = 24V are shown
in Fig. 9. Among the three results, on average, the
peak efficiency reached 97.4% at half power, and
the efficiency at rated power was reported 96%.
Also, a percentage diagram to show component
power losses is shown in Fig. 10. Obviously, the
highest losses are related to power switches and
diodes.
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7.4. Design limitations and future studies

FCs can become unstable against oxygen and
hydrogen pressure changes. Also, the cold
temperature of the environment can disturb the
performance of the system. Based on this,
providing a suitable controller to absorb maximum
power is on the agenda of future works by the
researchers of this article. Also, making a
laboratory prototype at higher power can be
accompanied by challenges in practice; the initial
steps have been taken in this field, and the results
of the work will be presented in the future papers
by the researchers of this article. Moreover, the
main purpose of this article is to present the
topology itself and focus on a structure that has
very low voltage and current stresses on diodes and
power switches. This claim has been proven based
on theoretical calculations and simulation.
Although the protection circuits are issues that
cannot be ignored and will be considered in future
works on the presented structure. Indeed, snubbers
are necessary to prevent damage to semiconductors
due to electrical stress from transient oscillations of
voltage and current waves. Also, snubbers for
diodes help during the reverse recovery process, in
which over voltages occur.

100 - —
—%— Theoretical efficiency

99 —#— Simulated efficiency

— 98 Experimental efficiency

S =

> 97 <

o)

3 96

£

w95

9‘z’oo 200 300 400 500 600 700 800 900 10C
Output Power (W)
Figure 9: Comparison theoretical efficiency curve
and the efficiency curve obtained from the
simulation and experimental results.

Diodes

0/
Capacitors 33%

Input
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17%

Figure 10: Percentage loss distribution of the
proposed converter.
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8. Comparative Analysis

In this section, the proposed DISO high step-up
DC-DC converter is compared with other related
converters which presented in [2], [3] and [14]. All
these converters have an impedance network and
have a coupled-inductor; furthermore, selected
converters can be used in high step-up applications
e.g., fuel cell-based battery chargers. Table 4 gives
the comparing results from different aspects
including structure, number of ports, maximum
efficiency and pros and cons. A converter in [2]
uses a modified quasi z-source impedance network.
This converter has some additional advantages
compared to the other related converters, e.g. (1)
using the coupled inductor technique, thus
providing a high voltage gain; (2) imposing low
voltage stress on components; (3) utilizing small
duty cycle with extremely high voltage conversion
ratio and high efficiency; (4) having continuous
input current with small ripples, which makes the
converter suitable for FC applications; and (5)
increasing reliability and using only one power
MOSFET. Despite the mentioned advantages, this
converter uses a coupled-inductor that increases
the losses and leads to a decrease in efficiency.
Also, as mentioned earlier, the use of magnetic
devices such as coupled-inductors and
transformers lead to increasing the cost and
dimensions. Converter in [3] and [14], also use a
modified quasi z-source impedance network using
the switched capacitors and coupled-inductor
techniques, which result in a high voltage gain;
these converters have resolved the voltage gain
limitation issue in the basic z-source impedance
network but have preserved its main advantages;
and also, they have three ports for hybridizing PV
panels, rechargeable batteries and isolated loads.
Despite the mentioned advantages, these
converters also use a coupled-inductor that
increases the losses and leads to a decrease in
efficiency. So, in summary, the converters in [2],
[3] and [14], have higher hardware costs and larger
volumes due to the use of coupled-inductor.
Moreover, their efficiency and stability are limited
due to some factors such as weight, losses and
coupling coefficients.

In comparison to mentioned converters, the
proposed non-isolated high-gain DC-DC converter
holds tremendous potential in the field of power
conversion technology. Its’ strong boosting
capability, small volume and weight, high
efficiency and good adjustability has made it a
good choice in DISO battery chargers; the
proposed topology has a novel diodes and switches
network, which leads to the creation of an
integrated system with high efficiency and high
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voltage gain; also, the proposed network structure
reduces the voltage stress on the capacitors and all
diodes; moreover, the proposed topology has
unique features such as small size, low voltage and
current stresses on all the components, less
component count, continuous input current and
light weight. Also, not using transformers and
coupled-inductors has led to increasing the
efficiency and reducing losses in the presented
converter, which has achieved an efficiency of
97.4%.

9. Conclusions

This paper has presented a novel DISO high step-
up dc-dc converter with modified diodes and
switches network, which leads to the creation of an
integrated system with high efficiency and high
voltage gain for FCEVs applications. The
presented structure results in the balanced low
voltage stress of output capacitors, diodes and
switches. The proposed converter is useful in
FCEVs hydride PV/FC battery charger because of
its simple structure, high voltage gain, low input
current ripple, common ground, and high
efficiency. Theoretical calculations for the
proposed converter were presented in full detail.
The voltage stress of all components and efficiency
analysis were provided and the voltage gain was
accurately calculated. Finally, the simulation
results were carried out in MATLAB/Simulink and
agree well with the theoretical analysis of the
proposed converter.

As a summary, from the detailed theoretical
calculations and simulation results, the following
numerical results were extracted from a
guantitative point of view:

e The peak efficiency reached 97.4% at half
power, and the efficiency at rated power was
reported 96%.

¢ The voltage of the FC is assumed equal to 48V
and the voltage of the solar cell is assumed equal
to 24V, and also the value of the duty cycle for
the first and second MOSFETSs is equal to 35%
and the value of the duty cycle for the third
MOSFET is equal to 15%, then based on
simulation results the output voltage value of
218.5V is obtained; which is equal to the
theoretical calculations with high accuracy.

e According to the results of theoretical
calculations and simulation results, it can be
seen that the voltage stresses across capacitors
in the proposed converter are very low. The
peak voltages of the capacitors indicated by
vEeak yEeak and VA are 87.5V, 87.5V and
132.8V, respectively.
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e The peak voltages of the diodes indicated by e The peak voltage and average current of the
ypeak ypeak ybeak yPeak and yreak are input inductor diodes indicated by V;;,, and I, ;,,
23.3V, 85V, 872V, 87V and 174V, are 133.35V and 30A, respectively.
respectively. e The output voltage and load current are set to

220V and 4.55A, respectively.
Table 4: Comparison between the proposed DISO high step-up DC-DC converter and related converters
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