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ABSTRACT:

In this paper, a Zero-Voltage Transition (ZVT) non-isolated high step-up multi-input DC-DC converters is proposed
which employs an auxiliary cell and diode-capacitor multiplier. The auxiliary cell has only one switch and is suitable
for high step converters with diode-capacitor multiplier. In the proposed converter, all semiconductor devices operate
under fully soft switching condition. The main switches turn on and turn off under Zero Voltage Switching (ZVS)
condition whereas the auxiliary switch turns on under Zero Current Switching (ZCS) condition and turns off under zero
Voltage and Zero Current Switching (ZVZCS) condition. Also, ZCS condition at turn-off is provided for all diodes to
eliminate reverse recovery issue. The structure of the proposed converter includes two boost cells, one diode-capacitor
multiplier cell, and one ZVT auxiliary circuit. Soft switching conditions for all main switches are provided by only one
auxiliary circuit. The proposed converter has high step-up conversion gain without any coupled inductor. Soft switching
conditions, continuous current of input sources, high efficiency, expansion capability of input sources, returning the
energy of the auxiliary circuit to the diode-capacitor multiplier and low-voltage stress on switches are the main
advantages of the proposed converter. The steady-state analysis of the converter and operation modes are discussed. A
160-W prototype of the proposed converter is designed and implemented. Experimental results confirm that the

theoretical and the efficiency of the proposed converter reaches 96.4% at the nominal load.
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1. INTRODUCTION

Nowadays, due to energy shortage and
environmental contamination, renewable energy such as
photovoltaic (PV) cells, wind turbines, and fuel cells are
employed increasingly[1]. Among renewable sources,
photovoltaic systems are expected to play a main role in
future energy production[2].

Renewable energy systems generate low voltage
output and environmental conditions affect their output
voltage [3]. Accordingly, step-up converters with high
efficiency is required to increase the low voltage of PV
panels to a suitable DC bus voltage of inverters or other
applications [4]. High step-up conversion can be
obtained by cascaded method [5], coupled inductor[6],
switched capacitor [7], diode-capacitor multiplier [8] or
their combination [9]. By applying these methods, the
problem of extreme duty cycles in traditional boost
converters is solved. Many high step-up methods have
been comprehensively reviewed and classified in [10].
Each technique has advantages and disadvantages. For
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instance, using a coupled inductor makes high step-up
conversion ratio[6] but switch voltage stress is increased
due to the existence of the leakage inductance. Also,
pulsating input current of this technique makes it not
suitable for PV power generation system[11]. Based on
the categorization offered in [10], voltage multiplier
circuits such as diode-capacitor multiplier are suitable
for low power renewable energy applications because of
high-voltage conversion ratio, low normalized voltage
stress, low cost and transformer less.

Simultaneous receiving energy from different input
sources ensures the continuity of energy supply. When
using multi-input converter instead of multiple
converters, many advantages such as low component
count, reduced volume and cost, higher flexibility, the
possibility of easier control, and better management of
energy sources are obtained[12]. Multi-input converters
are generally classified into two categories, including
isolated and non-isolated multi-input converters [13]. In
recent years, numerous isolated and non-isolated multi-
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input converters with different structures for various
applications have been presented [12], [14-21].
Although, isolated converters have obtained high
voltage conversion ratio by using a transformer, volume,
weight, losses, and ripple of input current are increased
due to usage of the transformer[21]. Therefore, in
systems or applications that isolation is not needed such
as PV systems, non-isolated converters are more
appropriate. In [20], non-isolated multi-input high step-
up DC-DC converter based on diode-capacitor voltage
multiplier is suggested. Although, low voltage stress on
semiconductor devices and continuous input currents
have been obtained for this converter, due to hard
switching, the efficiency of this topology is low. An
extendable high step-up multi-input converter is
proposed in [14]. Although, low voltage stress on
semiconductor devices and simple control have been
obtained for this converter, due to hard switching, the
efficiency of this topologies is low. In [15], a three-level
multi-input converter with input sources grouping is
proposed which independent operation of grouped input
sources is not feasible. A extendable multi-input multi-
output boost converter is proposed in [19]. Although, the
input inductor of this converter is shared for all inputs,
to reduce the count of the component and volume, the
input sources cannot power up the load simultaneously.
Also due to discontinuous input currents of this
converter, it is not suitable for renewable energy
sources. In [22], a multi-input DC-DC converter is
presented based on traditional boost converter.
However, four switches are employed which would
increase the cost and size. In [23], a bidirectional multi
input buck-boost converter is presented. Six switches
and two inductors are used for only two input sources of
this converter and soft switching conditions are not
provided for switches. A multi-input converter based on
SEPIC topology is suggested in [24] which one of the
inputs has the bidirectional operation for connecting to a
battery and the other inputs are unidirectional. However,
two isolated gate drivers are needed.

Soft switching techniques can be applied to improve
efficiency and reduce Electromagnetic Interference
(EMI) of the converters[8], [13], [16-18], [25]. In [16],
a dual-input converter with zero voltage transition for
main switches is proposed. Despite soft switching
conditions is provided for main switches, the auxiliary
switch operates under hard switching conditions. In this
converter, input sources cannot power up the load
independently because the series combination of sources
is applied. Also, the cost of implementation is reduced
due to the low number of switches used. A multi-port
converter with zero voltage transition based on coupled
inductor is presented in [17].In this converter, only three
switches are applied for three port so that all the input
sources are controlled independently by using a separate
switch. In [18], a high step-up three port converter
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similar to [17] based on coupled inductor is suggested.
In this converter, two coupled inductors, five switches
and two active clamp circuits have been used to increase
voltage gain and provide soft switching conditions.
Although, five power switches are used for only three
port of this converter, the converter power density is
low. In [26], a fully soft switched interleaved boost
converter with zero voltage transition for main switches
is proposed. Although, soft switching conditions is
provided for all switches and diodes, the voltage stresses
of semiconductor devices are high.

In this paper, a fully soft switched high step-up
multi-input DC-DC converter based on the diode-
capacitor multiplier technique is proposed. One soft
switching auxiliary cell is applied for all input cells
which decreases the number of components. The main
switches are turned on and turned off at ZVS and the
auxiliary switch is turned on at ZCS and turned off at
Z\VZCS. High step-up gain, high efficiency, continuous
input currents, low voltage stress of switches and
expandable input ports are benefits of the proposed
converter.

This paper is organized as follows: Dual-input
structure of the proposed converter is introduced in
Section 2. In Section 3, design procedure along with an
example are explained. In Section 4, simulation and
experimental results are provided. In Section 5,
performance comparison is expressed and conclusions
are presented in Section 6.

2. DUAL-INPUT STRUCTURE OF THE
PROPOSED CONVERTER
2.1. Circuit Configuration

Fig. 1 shows the dual -input configuration of the
proposed converter. The proposed converter consists of
two input boost cells, one stage diode-capacitor
multiplier, and one soft switching auxiliary circuit,
generally. Also, the number of diode-capacitor
multiplier stages and input sources can be expanded as
needed. Vini, L1, Si, and D3 are the first boost cell
components, Vinz, Lz, S, and D4 are the second boost cell
components and D1, C4, D, C;, formed a diode-capacitor
multiplier stage. Also, the auxiliary circuit consists of,
Cs, La1, Laz, Ds- D1g, Saand C, shown in the dashed block
to provide ZVS conditions for the main switches.
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Fig. 1. Dual-input configuration of the proposed
converter.
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In addition, as the number of inputs expands, the
auxiliary circuit provides soft switching conditions for
all switches of input boost cells. The energy received by
the soft switching cell is returned to the capacitors of the
diode-capacitor multiplier and finally is returned to the
output. The control of the main switches S; and S; is like
180° phase interleaved structure. By controlling the duty
cycle of the main switches, the power absorbed from the
input sources can be controlled and the maximum
absorbable power in PV systems can be achieved.

2.2. Operating Principle

Fig. 2 shows the main theoretical waveforms of the
proposed converter during the one switching period Ts.
There are eighteen total modes for a single switching
period. However, due to the symmetrical operation of
the proposed converter, only the nine leading modes in
a half switching period are analyzed and the other nine
modes are similar. To simplify the steady-state analysis,
some conditions and assumptions are made in the
following.

1- All the components are ideal (without the effects
of parasitic parameters).

2- The proposed converter is operated in Continuous-
Conduction Mode (CCM) to have a smooth current with
minimum current ripple.

3- The voltages across the capacitances of C4, C; and
Co are considered as a constant over one switching
period because the capacitances are assumed to be large
enough.

4- The main switches are 180° phase-shift
interleaved switching and the duty cycle of them is
larger than 50%.

The equivalent circuits for each mode are
demonstrated in Fig. 3. The detailed circuit analysis over
one switching period is presented as follows. It is
assumed that before to, S; and S, are ON and L; and L»
are being charged by the input sources. Also, all diodes
are OFF and the capacitor Co is supplying the load.

Mode 1 [to- t1]: At to, the switch S; is turned off and
the capacitor Cs begins to charge through the diode Ds
linearly and ZV'S conditions are provided for turning off
S1. Vs can be determined as follows:

Ves (£) = 122+ (t — t) )

At t1, the voltage of Cs reaches Vcs(t1) and diodes Ds,
D7 and Djo are turned on. Vcs(t1) can be calculated
according to the following equation, where Vca(to) is the

voltage value of C, at the beginning of this mode.
Ves(t1) = Vez + Vea (to) (2)

Mode 2 [ti- t2]: When the voltage of Cs reaches
Ves(t1), this mode starts and diodes Ds, D7 and Dy are
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turned on and capacitors Cs and C, are charged linearly
with input current lin1. At t, the capacitor voltage Ca
reaches zero and the capacitor voltage C; equals V¢, and
this mode ends. The important equations in this mode
are as follows:

Ves () = 22 (= 1) + Vg (81) 3)
Vea(t) = 2% (¢ = t1) + Vealto) (4)
Vg1 IR R N

IDSZ _
DS2 vl i Iz ! I \ V[—
VCS / IVCZ \ VCl
VDSa ........................... lsamad | by Isamaxz
Voo ety N
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Fig. 2. Key waveforms of the proposed converter.

The required time for the charge of Cs and providing
the turning off under zero voltage conditions of the main
switches is equal to the sum of the times of the first and
second mode, which are obtained from (1) to (4) as
follows:

C
Atl,z =t~ = ﬁ(vcz + VCa(tO)) -
Cs+C
T (Vea(t)) (5)

Mode 3 [t2- ts]: When the voltage of C; reaches Vco,
this mode starts and diodes D; and Ds are turned on and
capacitors C, and C; are charged with input current liny.
By turning on D4, the capacitor C, is charged to the
output voltage of the first boost cell, which can be
determined as follows:
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_ _Vim
Voo = (6)
Also due to the symmetry in the circuit, Vci can be
similarly obtained as follows:

_ Vinz
Ver = Tesr @)

Also, due to the conduction of Ds, the capacitor C1
is connected in series with the output voltage of the first
boost cell (Vc2) and the output voltage is equal to the
sum of Vc1 and Veoa.

Mode 4 [t3- t4]: This mode starts when the switch S,
is turned on to discharge Cs and turn on the switch S; at
ZV'S. When the switch S, is turned on, a resonance starts
between C,and La; through the path of Dy, Ds, Lai, Ca,
Sa and until Ips= Ip7 = IL1, conduction of diodes D4 and
Ds is continued and capacitors C, and C is charged.
Given that the current increase is resonant form, the S,
switch, diodes Dg, D7 and Ds turn on at ZCS and the
diodes D; and Ds turn off at ZCS. This mode ends with
establishing the relationship lps= Ip7 = Iz and turning
off diodes D; and Ds. The resonant equations of this
mode are as follows:

L (D) = VCZ-E-Sin(wl(t —t3) (8)

Vea () = Ve (1 — cos(wq(t — ts)) )
where @, = —
1= 7
vLai1Ca

Since the value of Ly, is chosen to be much larger
than Lai, the presence of La, in the resonant equations of
modes 4 to 7 can be ignored.

Mode 5 [t4- t5]: When Ips= Ip7 = I1, the diodes D1
and Ds turn off and this mode begins. In this mode, a
new resonance is started between Cs, Lai and C, which
causes the discharge of Cs. At ts, the voltage Vs reaches
zero and the body diodes S; and S, turn on. The
resonance equations in this mode are as follows:

Lo (® = A.sin(w, (t — t4)) + B.cos(w,(t — t,)) +

Ce
ILl.C—Sq (10)
Ce
where A= (Vg —Veu(ty). r“i )
C
B=I.(—lg
L1 Cs
AVea® 1
—== o (® (11)
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daves(t) 1
% = C_s (ILl - ILal(t)) (12)
1 1 1 1
Where, a = C_s a , Wy = Tartec

Also, Vca(ts) is the value of the capacitor voltage Ca
at the beginning of this mode. The minimum time
required to turn on the main switch at ZVS condition is
equal to the sum of the times of the fourth and fifth
modes and can be determined from (8) to (12).

Mode 6 [t5- t6]: At ts, the body diodes of S; and S;
turn on and a new resonance starts between C, and Las.
At t, the body diodes of S; and S, turn off under ZCS
condition, and this mode ends. When the body diode of
Sy is ON, the voltage across the switch Sy is zero which
is an appropriate time to turn on the switch S; under ZVS
condition. The equations of this mode are as follows:

Co .
La1 (D) = (Vca(ts))' L_1-51n(w1(t - ts))

a

+1q1 (t5). cos(w, (¢ — t5)) (13)

1 t
Ve = 2= [ uaa® + Via8)

:\/%h,al(ts). Sil‘l(w1(t - ts)) + V.. (ts). COS(wl(t —
ts)) (14)

1

VLaiCa

Also, Vca(ts) and I ai1(ts) are the value of the capacitor
voltage Ca and the value of the inductor current La; at the
beginning of this mode, respectively.

Mode 7 [t6- t7]: In this mode, the resonance of the
previous mode continues and Is, reaches zero at t7. By
reaching Isa to zero, Sa can be turned off under ZCS
condition. To provide ZVS turn-on condition of S1 and

ZCS turn-off condition of Sa, the auxiliary switch should
not be turned off earlier than the total of the fourth to
seventh mode times.

Mode 8 [t7- t8]: In this mode, a new resonance starts
between C,and La and the energy stored in Catransfers
to Lap. After half period of this resonance, I a2 reaches
zero and Dg turns off at ZCS and the resonance is
finished at ts. Also, both the main switches are turned on
and I 1 and I 2 are increased linearly by the input sources.
The defining equations of this mode are as follows:

aa®) = Voo 07). [ 22 sin(ase = ¢7) (15)

Where, W, =
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Fig. 3. The equivalent circuit of the nine switching modes.

Vea (D) = Voo (87) cos(ws (t — t7)) (16)

1

Mode 9 [ts- tg]

through an example. The specifications of the example

are presented in Table 1:

Where, w3 = Tloata Table 1. Converter specifications
Parameters Symbol | Values

Alsq, \(ca(ty) is_the value of capa(;itor voIFage Ca at First input dc voltage Vi 48V
the beginning of this mode. The duration of this mode is -

. . Second input dc voltage Vin2 36V
achieved m,/L,,C, from the relations (15) and (16). The o g I v 20V
resonance in this mode is ended before turning off the utput dc voltage out
other main switch. Maximum output power | Pou 160 W
Mode 9 [t8- t9]: During this mode, both the main Switching frequency fow 50 kHz

switches S; and S, are ON and L; and L; are energized
by the two input sources, independently. Also, all diodes
are off and Co supplies the load.

3. DESIGN PROCEDURE
According to  previously  described  circuit
characteristics, the design guide of the proposed

3.1. Voltage Gain

The voltage gain of the proposed converter can be
determined by a volt-second balance of the inductors L,

and L; as follows:

ViniDegg1 - Ts =

converter containing voltage gain, input current

relationships, main element design, auxiliary circuit (Vo = Ver = Vin)(1 = Degpa) - Ts an
design, and selections of power switches and diodes are VinaDegra - Ts =

explained. Also, the converter parameters are calculated (Vo = Vez = Vina)(1 = Degpa) - Ts (18)
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DOI: https://doi.org/10.52547/mjee.15.2.53

57

How to cite this paper: Sayed Hossein Mirlohil, Mohammad Rouhollah Yazdanil, Mohammad Reza Aminil, “A
ZVT Auxiliary Circuit for High Step-Up Multi-Input Converters with Diode-Capacitor Multiplier”, Majlesi
Journal of Electrical Engineering, VVol. 15, No. 2, pp. 53-64, 2021.



Majlesi Journal of Electrical Engineering

1
where: Degpr =Dy + -4ty
1, 1 1
o + T_s [At7] < Deffl <1- E[Atl—z] (19)
1
Deffz = Dz + T_SAt13—15

1,01 L
2t [At16] < Degpr < 1-— E[Atlo—n] (20)

D; and D, are the duty cycle of switches S; and Sy,
respectively and the At,_¢ is the duration that S, should
be turned on before S; and the At,5_;5 is the duration
that Sa should be turned on before S,. By substituting (6)
and (7) into (17) and (18), the following equation is
concluded for the output voltage:

Vi Vi
Vout = —m—+ —u— (21)
eff1 eff2

According to (21) and the mentioned characteristics
of the design example with the same power distribution
of inputs, Degrq = Despp = 0.74 is obtained.

3.2. Relationships of the Input Currents
By applying the ampere-second balance for C; and
Ca, the relationships of the input currents can be obtained

where 1.4, I, and o are the average currents of the input
inductors Li, Lo, and the output current, respectively.

U, - 10)(1 - Deffl)TS =1y 'Deff1 T (22)
U - 10)(1 - DeffZ)TS =1y 'Deffz T (23)

According to (22) and (23) can be expressed as:

I

liny = I = 1—Dfo1 (24)
I

ling =115 = 1—D:ff2 (25)

According to (24) and (25) it can be concluded that
by adjusting the duty cycle of the main switches, the
input currents of the proposed converter can be
controlled to track the maximum power point for two PV
panels independently in PV system. The current auto-
balance capability is obtained in the proposed converter
BY Defr1 = Deppp. ASSUMING Deppq = Degpp = 0.74 0
the design example, I;,,; and I, are calculated 1.9 A.

3.3. Considerations on Main Elements

Since the main structure of the proposed converter is
formed from the combination of two conventional boost
converters and their output summation, the design of the
boost cell elements is similar to the regular boost
converter. Also, input current ripple and output voltage
ripple can be calculated like a regular boost converter
[27]. The input currents for designing the boost cell
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elements are determined by (24) and (25). The multiplier
capacitors C; and C; that are like the output capacitors
of the boost cells can be obtained as follows:

IL1.2.max
Cr= Cp 2 228 (1= Dyppy 5) (26)

17 22 = 2avey o fs

Where, AV, , is the capacitor voltage ripple and f;
is switching frequency. According to (26), C1=C,=2.2
UF are chosen for the design example.

3.4. Considerations on Auxiliary Circuit

The snubber capacitor of both the main switches is
Cs and can be calculated like other snubber capacitor
based on the maximum current of both switches as
follows:

Cs > max {(1L1.max‘ff) ‘ (ILz.max'tf)} (27)

Vs1 Vs2

Where, t; is fall time of switches. A 3.3nF capacitor
is chosen as snubber capacitor for the design example.
The capacitance value of C, must be chosen larger than
the capacitance value of Cs, so that the voltage Vcs
changes much faster than Ve, in the fifth mode.
Therefore, Ceq and w; in mode 5, can be rewritten as:

Ceqg = Cs (28)
— 29
V2 = e (29)

Also, considering that the resonance period in the
fifth mode should be selected much smaller than the
switching period, it can be written as:

21 1

=<

w2 ~ Sfsw (30)
Substituting (29) into (30), the following equation is

concluded for the value of the inductor Lai:

1
<1
at = (107 fsw)?Cs

L (31)

On the other hand, the maximum amount of resonant
current in the fourth mode which is determined by (8)
must be greater than I ; so that the capacitor Cs in the
fifth mode can be completely discharged. So:

Vea. /— > 2. (Iin1) (32)

By substituting (6) and (24) to (32) one can conclude:

lel S Vinl,z,min (33)
Cq 21,
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According to (31) and (33), the appropriate value for
the inductor La1 and the capacitor C, are selected 5pH
and 15nF, respectively. Since the auxiliary circuit and its
components are used to provide soft switching
conditions for both main switches, the maximum current
of La1 is determined based on the maximum current at
both switching times ts and ti4; Therefore, from (10) and
(28), the maximum current L, is obtained as follows:

ILal,max

~ max{(VCz /f—s + ILl) , (VC1 /f—s + ILZ)} (34)

Also considering that the resonance between L2 and
Ca in the eighth mode must be completed before turning

on the main switch, consequently,wlgs (Dl,z.min_

1 . . . 1 .
E) .T which by substituting w; = T the following
equation can be obtained:

1
JLarCa < % (35)

According to (35), the maximum value of the

resonance inductor La, can be determined which should
be selected larger than L, so that the polarity of Vca in
the sixth and seventh modes remains positive and Ipa1
can become zero and the auxiliary switch is turned off at
ZCS. In this case, an appropriate value for the inductor
La2 can be 20uH.
The maximum current of La, is determined based on the
maximum amount of current in both the seventh and
sixteenth modes; Therefore, liaomax iS oObtained as
follows:

ILa2 max Emax{(‘/ca(t7)\/%)'(%a(t16) %)} (36)

The duty cycle of the main switches should be larger
than 50% for a high step-up converter, certainly. Also,
to establish ZCS condition for the auxiliary switch, the
pulse gate of the auxiliary switch should not be removed
before its current reaches zero. The minimum time
required for the auxiliary switch to be ON (At,) is equal
to the sum of the duration of the fourth to seventh modes,
which according to the selected values for Lai = 5uH,
La» = 20puH and C, = 15nF, At,, is obtained 0.6us.

3.5. Selections of Power Switches and Diodes

The voltage and current stresses of switches and
diodes are listed in Table 2. As can be seen, the main
switches voltage stress is lower than the output voltage
of the proposed converter. The current stress of the main
switches is determined in the second and eleventh modes

Vol. 15, No. 2, June 2021

and is equal to the sum of the input currents. The current
stress of the auxiliary switch and diode Dy is determined
at ts or ti4 and is equal to the maximum of I, and can
be calculated by (34). The current stress of diode Dsg is
equal to the maximum of I a2, which occurs in the eighth
mode and is calculated by (36). The current stress of
diodes Dg and Dyo is equal linz and lins, respectively,
which occurs in the second and eleventh modes.
According to the voltage and current stress of
semiconductor components listed in Table 2,
characteristics of the design example and the selected
values of the auxiliary circuit IRFP460 and MURA460 are
selected for power switches and diodes, respectively.

4. SIMULATION AND EXPERIMENT OF THE

PROPOSED CONVERTER

The proposed converter is modeled in the simulation
software (ORCAD) and a prototype is implemented
based on the example design of section 4 to validate the
theoretical analysis and the performance of the proposed
converter at the 50 kHz switching frequency for main
switches. Since the auxiliary circuit is employed to
provide the soft switching conditions for both main
switches, the switching frequency of the auxiliary circuit
is twice the switching frequency of the main switches.
The specifications of the prototype listed in Table 1 and
the values of the circuit components are listed in Table
3. Also, the photograph of the implemented prototype is
shown in Fig. 5.

:ll"

Fig. 4. Prototype photograph of the proposed converter.

Figs 6 to 8 show the simulation and experimental
waveforms of the proposed converter. Comparison of
the experimental waveforms with simulation waveforms
illustrate that the experimental results confirm the
simulation results and both validate the theoretical
analysis. In the theoretical analysis, all components are
considered ideal and the input current ripple is ignored,
but in the simulation and experimental results, due to the
non-ideal input sources, there are input current ripples
which caused the current of the main switches shown in
Fig. 6 and 7 to have a slight slope.
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Table 2. Current and Voltages stresses of the Semiconductor Devices.

Voltages Value Current Value
stresses stresses
Vs1 Vin1 Is1 Io Io
1= Dersy 1= Derp1 1= Desra
Vs in2 Iso Io Io
1= Dessr 1= Derp1 1= Desra
VSa Vinl VmZ iSa C C
max , S
1-— Deffl 1-— DeffZ max V —+ 1L1 ) VCl —+ ILZ
L al Lal
Vb1 Vo Ipy Io
1= Degr1
Vb2 Vo Ipz Io
1—Desro
Vo3 Vo Vin2__ Ips lo
1—Dessr 1= Defra
Vpa Vo — in1 Ips 10
1= Desps Deya
VD5 in2 iDS
1= Degra + I
VD6 Vinl iD6
1= Derpa + Iz
VD7 Vinl Vm2 iD7 C
max )
1- Deffl 1- DeffZ max ch L + 1L1 C1 L —+ ILZ
VDS max Vinl Vinz iD8 C
’ a a
1—=Derr1 1= Dessa max 4| Vea(t7) | Vea(tie) L_
a2 a
VD9 VO iD9 —10
1—Degro
Vb1o Vo ip10 Io
1— D1

Table 3. Circuit parameters.

Parameters Symbol | Values
Input inductors Ly, L2 0.6 mH
capacitors of Diode-Capacitor Cy, C2 2.2uF
Multiplier

output capacitor Co 22uF
auxiliary inductor 1 La1 SuH
auxiliary inductor 2 La2 20uH
snubber capacitor Cs 3.3nF
auxiliary capacitor Ca 15nF
main power switches S1, S, IRFP460
auxiliary power switch Sa IRFP460
power diodes Di-Dic | MUR460

Also, the parasitic ringing in the auxiliary switch
voltage waveform shown in Fig. 8 is due to the
resonance of the converter inductors and the parasitic

capacitors of the power devices. The voltage and current
waveforms of the main switch S; are shown in Fig. 6 and
the voltage and current waveforms of the main switch S
are shown in Fig. 7.

According to Fig. 6, the main switch S is turned off
under ZVS condition by the snubber capacitor and ZVS
turn-on is attained by turning on the body diode of the
main switch S;. Similarly, according to Fig. 7, ZVS turn-
off and ZVS turn-on are achieved for the main switch S,.
The voltage and current waveforms of the auxiliary
switch S, are shown in Fig. 8. According to Fig. 8, ZCS
turn-on and ZVZCS turn-off of the auxiliary switch Sa
are attained by the resonant inductor Lai. According to
the experimental results, dv/dt is reduced by providing
soft switching conditions and there is no unwanted high
frequency  oscillation ~ which  improves EMC
(Electromagnetic compatibility) performance of the
proposed converter
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Fig. 5. Voltage and Current waveforms of the main
switch Si. (a) Simulation. (b) Experimental.

Table 4 presents the power losses of the proposed
converter components in two different modes of hard
switching and soft switching based on the relationship
between the losses of each component [28]. In this table,
the main parameters of each component such as Rps of
switches have been extracted from the data sheets. The
efficiency curves of the proposed converter and its hard
switching counterpart are depicted in Fig. 9 with Vi;1=48
V and Vin=36 V. The maximum efficiency of the
proposed converter is realized at the nominal load about
96.4% which shows that soft switching conditions
effectively improve the efficiency of the proposed
converter.

zvs zvs Vds-s2
(rinorn crdmcony
7 N
- I\ N
2 ps/div 7R R ]100 vrdiv
£ | | | 1
| |
' | ' | Ids-s2
| I | |
\ | \
- L / .
\/ \ Y 12 A/div
@
: Vvds-S2
N pios
N N N N N _L N B
L e
2B usdiv
e R\

(b)
Fig. 6. Voltage and Current waveforms of the main
switch Sy. (a) Simulation. (b) Experimental.
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Fig. 7. Voltage and Current waveforms of the main
switch S,. (2) Simulation. (b) Experimental.

Table 4. Semiconductor Losses in the Proposed

Converter.
Type of losses Soft Hard
switching | switching
(Auxiliary | (RCD
circuit) | Snubber)
parasitic capacitance 152 | -
losses In S,
1
E * Coss—Sa * (Vsa)z * f
parasitic capacitance foss| - 6.54
in S:-S;
1 2
E * Coss—Sl,Z * (Vsl,z) *]
switching losses of main | .- 1.99
switches

Vs,off * f

2
* (ton + toff) * Ion

switching loss of | ----- | -—---
auxiliary switch

The losses of the main and auxiliary elements (w)

conduction losses of Ds- 084 | -
10
[Vf * (Iavg)]
conduction fosses of main|  2.49 2.49
switches
Rps(on)-s1 * (Irms—-s1)*
conduction Toss of 027 | -

auxiliary switch
RDS(on)—Sl * (Irms—Sa)2

conduction losses of D;-D4 0.8 0.8
[Vf * (Iavg)]
Total losses (w) 5.92 11.82
Efficiency 96.4 % 93.1%
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Fig. 8. Efficiency comparison of the dual-input
proposed converter and its hard switching counterpart.

5. PERFORMANCE COMPARISON
To show the performance of the proposed converter,
the proposed converter and the other multi-input high

Vol. 15, No. 2, June 2021

step-up converters are compared. To have a similar
condition, all converters are considered with just two
inputs. Voltage gain, number of components, soft
switching conditions and main switch voltage stress are
listed in Table 5 for comparison. In this table, the gain
of the proposed converter is written for the worst case
which Des is estimated to D. Based on the comparison,
the proposed converter has advantages such as high
efficiency, fully soft switching, low switch voltage stress
and non-pulsating input currents. The voltage gain of
[29] and [30] is higher than the proposed converter but
[29] suffers from pulsating input currents and [30] has
the high input current ripple. In [12], the switches
operate under hard switching conditions, which causes
more losses and electromagnetic emission. In [21], the
voltage gain is higher than the proposed converter but the
leakage inductance of the coupled inductors causes
voltage spikes across the switch. [31] has higher voltage
gain and lower voltage stress of switches than the
proposed converter, input currents of [31] are pulsating
with a high number of capacitors. In [32], the number of
switches is high leading to increased size and cost.

Table 5. Comparison of the proposed converter with other multi-input step-up converters.

Feature Voltage Gain Number of Soft switching Input current | Main switch
S/ D|I|C|C Main SW Aux SW voltage
| ON | OFF | O OFF stress
N
[29] 1 2| 2 |2|2]| - | Har | Har - - Pulsating Vo + Dvi
1-p|! d d 1-D
DZ
+ 1- D]
[30] 3 2| 4 |2|5]| - | Har | Har - - Nonpulsatin Vol2
1-D d d g
[12] 2 23|24 - | Har | Har | - - Nonpulsatin Vol2
1-D d d g
[21] 4n 2412|511 |2z2Cs|zCs| - - Nonpulsatin nVo/2
1-D g
[31] 2+2n+nD 3|/8|-|8|1]| zC | Har | - - Pulsating Vo
1-D d 2 +2n+nD
[32] 6n 6|4 (2|61 |2ZVS|2VS| - - Nonpulsatin Vol3
D g
Proposed 2 31|45 -|2VS|2ZVS | ZC | ZVZ | Nonpulsatin Vol2
converte 1—-D 0 C g
r

Abbreviations: C: capacitor; D: diode; L: inductor; Cl: Coupled Inductors; n: turn ratio; S: switch; ZC: zero current; ZV: zero

voltage.

6. THE INPUT EXPANSION OF THE PROPOSED
CONVERTER

The expansion capability of input sources is a
significant property for multi-input converters. The
proposed converter with two input can be extended for
multi-input applications, as exposed in Fig. 4. Like the
design procedure provided in section 3, static gain and
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relationships of input currents can be obtained as
follows:

Vin,n

1_Deffn

Vin,z
1_DEff2

V.
Vout = —1
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l_DEffl ( )
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Fig. 9. N-Input version of the proposed converter.

In addition to three and more inputs version as a
future work, the proposed auxiliary circuit can be
applied and examined for other multi-input converters in
which diode-capacitor multipliers are used.

7. CONCLUSION

A dual-input high step-up dc-dc converter is
proposed. The auxiliary circuit is employed to achieve
the soft-switching conditions for all semiconductor
elements. Consequently, the switching losses can be
reduced and reverse recovery losses can be eliminated.
The proposed structure has high step-up conversion ratio
without any coupled inductor or transformer. According
to the theoretical, simulation and experimental results,
the main switches voltage stress is lower than the output
voltage and are turned on and turned off under ZVS
condition. The auxiliary switch is turned on under ZCS
condition and turned off under ZVZCS conditions. The
efficiency of the proposed converter is improved by
about 4% in comparison to its hard switching
counterpart and makes it suitable for high-voltage
applications. Input sources expansion capability and
continuous input current (non-pulsating) are other
advantages of the proposed converter.
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