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Abstract—In this paper, a new zero voltage zero current transi-
tion (ZVZCT) boost DC-DC converter using a coupled inductor is
proposed. This topology provides the main switch ZVZCT for the
turn-on and zero voltage switching (ZVS) for the turn-off. More-
over, the auxiliary switch turns on at zero current switching (ZCS)
and turns off at ZVS. The main diode turns on with ZVT and turns
off with ZCS, and other diodes also operate under soft-switching
conditions. Besides, due to the coupling effect, the proposed con-
verter improves efficiency additionally since resonant energy in the
resonance tank could be transferred to the output, and the circu-
lating current can be limited as well. The soft-switching can be
realized in almost all the load rang. In this design, there always
exist energy releasing circuits to conduct magnetic flux leakage
currents, such that the surge currents are eliminated and switch
current stress can be accordingly reduced. All the devices resonate
in a unique direction within less than half of a resonance period,
so power losses with respect to the resonance can be decreased.
In this paper, the converter design and operation principles of the
converter are given. It also has been verified by a 1-kW experimen-
tal prototype with switching frequency of 100 kHz, and the related
experimental results are presented.

Index Terms—Auxiliary switch, boost DC-DC converter, cou-
pling effect, zero voltage zero current transition (ZVZCT).

I. INTRODUCTION

HE pulse width modulation (PWM) DC-DC converters are
T widely used due to their high power density, fast response,
and control simplicity. Boost converters, as a kind of common
converters, are utilized in various areas, such as the power
source, battery charger, hybrid energy storage system, power
factor correction (PFC), photovoltaic (PV) generation system,
and so on [1]-[6]. In order to solve switching losses and electro-
magnetic interference with switching frequency increasing [7],
deployment of the soft-switching technology is feasible [8].

In order to realize soft-switching, adopting additional reso-
nant circuits is considered as a common approach [9]-[14]. In
[12], the main switch is exposed to significant current stress. In
[13] and [14], the main switch turns off at ZCT without increas-
ing the current stress, and the auxiliary switch operates with
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SS, but its voltage stress of the main diode is twice the out-
put voltage. Some studies (e.g., [15]) solve the problems above,
however it is obvious that there are overlaps of current and volt-
age waveforms on the auxiliary switch, so the turn-off process is
not perfect. In the system proposed in [16], the main switch ZVT
turn-on and ZCT turn-off were implemented, however, for the
auxiliary switch, only a “nearly” zero current switching (ZCS)
turn-off is provided.

In some studies for interleaved soft-switching converters
[17]-[25], compared to conventional boost converters, more
components and more complicated control strategies are re-
quired. In [19], two conventional boost converters are connected
in parallel, and an additional inductor that connects two phases
is adopted to generate zero voltage switching (ZVS) conditions
for two MOSFETs. In [21], the main switches can achieve ZVS
and ZCS simultaneously. In [22], there are three interleaved
phases, and the inductor current of each phase is bidirectional,
which supplies the inverse current to conduct the body diode.
The similar topology was presented in [23], where the inductors
of two phases are coupled to reduce the total size. However,
for interleaved structures, the control strategies are relatively
complicated. In many coupled-inductor-related studies such as
[26] and [27], the inductors are coupled totally, however once
the coupling coefficient is not very close to one, power losses of
parasitic oscillations and surge currents occur due to the leakage
inductance.

In this study, a novel ZVZCT boost converter with coupling
effect is proposed, which solves most of the aforementioned
problems. In order to reduce the iron core loss, size, and cost of
the converter, three inductors share the same iron core. More-
over, it is not necessary to have all inductors coupled totally.
Since the new topology is capable of conducting the leakage
inductance current through energy releasing loops, the parasitic
oscillations and surge current can be eliminated as aforemen-
tioned. In the meantime, the auxiliary winding in the coupled
inductor can help implement ZVS conditions. The coupled in-
ductor transfers electromagnetic energy in the resonance tank
to the output due to the coupling effect, reducing the current
of the auxiliary switch, so its conduction loss is reduced and
the efficiency is improved additionally. The new converter pro-
vides the main switch ZVZCT turn-on and ZVS turn-off. The
auxiliary switch operates with ZCS turn-on and ZVS turn-off,
respectively. The main diode turns on at ZVT and turn off at
ZCS, and the rest of diodes are also under soft-switching condi-
tions. All the devices resonate in a unique direction within less
than half of resonance period, which can improve efficiency, as
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ZHANG et al.: DESIGN AND ANALY SIS OF A NOVEL ZVZCT BOOST CONVERTER WITH COUPLING EFFECT

well. Soft-switching maintains for almost all input voltage and
load ranges.

The comparison between the existing topologies (e.g., [15])
and the proposed one in this study has been made as follows.
In [15], the auxiliary switching frequency is twice the main
switching frequency, so the main switching frequency could
not be increased very high due to the frequency limitation of
the auxiliary switches. Meanwhile, too many operating modes
affect reliability and stability, and the volume and weight are
also affected by using more inductors. In this study, the auxil-
iary switching frequency is independently decided, so the main
switching frequency can reach high. In addition, less operating
modes or inductors exist in this paper. In most converters sim-
ilar to that in [15], the average current in the auxiliary switch
is larger than the input current, which mainly contributes to
ZV'T for the main switch. Unfortunately, the limitation of the
current stress will influence the ZVT realization. It results in
the ZVT operation at a fragile boundary. Circuits will lose ZVT
or even be destroyed by slight load change. In this study, the
topology could easily limit the average current of the auxiliary
switch by shrinking the peak current interval. Therefore, when
the load changes, the proposed converter could maintain the SS
conditions.

This topology not only focuses on achieving soft-switching
under wide variable load, but also on avoiding serious resonant
circulation. So it has obvious advantages in some applications,
e.g., the electric vehicular system with a wide range of load
changes due to complicated driving conditions. In addition, it is
also suitable for the PV system and charging stations with large
load changes. Good conversion efficiency could be achieved
in the proposed topology, which is beneficial for the overall
efficiency enhancement of the aforesaid systems. Normally the
input and output voltage for the proper applications could be
from tens to hundreds of volts, and the power rate could be
from hundreds to thousands of watts. The switching frequency
is limited by the interior characteristics of the switches.

The rest of the paper is organized as follows: the topology con-
figuration and operation principles are described in Section II.
Parameter analysis is provided in Section III. Experimental re-
sults are obtained and analyzed in Section IV and conclusions
are given in Section V.

II. TOPOLOGY CONFIGURATION AND OPERATION PRINCIPLES

As shown in Fig. 1(a), the resonance part consists of a
coupled-inductor, two resonant capacitors, four diodes, and an
auxiliary switch. Cr; includes the parallel capacitor and the
parasitic capacitor of the main switch S;. The decoupling ex-
pression of the voltage and current for the coupled inductors
could be written as follows:

diry
VL1 Ly Ma —My d'dt
var | = | Ma Lo —M th‘“ (1)
VLp1 —My —M Ly digy

dt
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Fig. 1. Proposed soft-switching boost converter topology. (a) Boost converter.
(b) Equivalent circuit.

where vr1, vpq1, and vy are the voltages of the coupled in-
ductors; Ly, Ly, and Ly; are the inductances of the coupled
inductors; M, My1, and M are the mutual inductances of L,
and L,1, L1 and Ly, and L,y Ly respectively; irq, i1q1, and
ir,p1 are the currents of Ly, L,1, and Ly .

In order to better understand the operating principles of the
converter and to simplify the analysis, the output voltage V,
and the main inductor current /; are assumed to be constant,
due to the large capacitance and inductance involved. Then,
the converter equivalent circuit can be modified as shown in
Fig. 1(b) for mode analysis with respect to diy1 /dt = 0.

The boost converter’s key waveforms are shown in Fig. 2,
and it has been analyzed for one PWM period in (8 + 1) op-
eration modes below, where the existence condition of mode X
is dependent on circuit parameters. Each operation stage of the
topology is given in Fig. 3.

1) Mode 1 [ty <t < ty, Fig. 3(a)]: This mode is the main
switching off-stage of the conventional boost converter. In this
interval, S; and Sy are in the off-state. The dc power supply
charges the main inductor through D; .

2) Mode 2 [t, <t < ty, Fig. 3(b)]: The initial conditions
atty arevg,1 =V, vore =0, 451 =0, 150 =0, ip; = I; and
irq1 = trp1 = 0, and the active signal is applied to the switch
S and a resonance starts between L1, Ly, and C,.. For this
resonance Sy starts with ZCS. Meanwhile, the main diode cur-
rent ip; falls, and the capacitor C,.o charges. At the end of this
mode, the current in the main diode decreases to zero, so ZCS
off of the main diode realizes and the voltage of the capacitor
C,9 rises. The equations obtained for this mode are given as
follows:

M
VCr2 = 7‘/0 -

M
—V, coswy (t — 1) 2)
Lal

Lal
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Fig. 2. Key waveforms of operation modes.
M
7;Lb1 = V. sinw1 t—1t (3)
wi (La1 Lyy — M?) ° ( v
) Vo (t—t1)+ M
1Lal = —t
‘ L1 (LalLbl - MQ)LMM
x V, sinwy (t — t1), 4)

where M is the mutual inductance of the L,; and L;;, and

_ Ly
WYL=\ T Ly A7)

3) Mode 3 [to <t < t3, Fig. 3(c)/: In mode 3, when diode
D; turns off, C,.1, Co, L1,,and Ly} resonate, so energy stored
in the capacitor C} is transferred to L,1, Ly; and Cpy. Cio
voltage is charged to V,, at the end of this mode. The antiparallel
diode of the main switch S; will be active when voltage cross
C, falls to zero, and mode 3 finishes.

To simplify the complexity of the calculation, the initial
conditions are considered as vo,1 & V,, vore &~ 0and if, =
irp1 ~ 0, due to the superfast recovery diode D; and the short
duration between 9 and ¢3. Then for this resonance, the follow-
ing equations exist:

iy = — A1Cr Vowor sinwat + A1 Cr1 Vowag sinwaat

+ A1l coswat — Al coswast 5)
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Fig. 3. Topology of operations stages. (a) Mode 1 (typ <t < t1). (b) Mode 2
(t1 <t <tg). (c)Mode 3 (to <t < tz).(d)Mode4 (tz3 <t < ty). (e) Mode
5(ty <t <ts).(f)Modeb6 (t5 <t < tg).(g)Mode 7 (ts <t < t7).(h) Mode
8 (t7 <t < tg). (i) Mode X (tg <t < tg, exists if voltage of C.» is not zero).

vore = AsCr Vi coswait — Ay Crq V, coswaat

Aol sinwyit  Asgl; sinwost

(6)

w21 w22

where: un. eqn shown at the bottom of the next page.

CroM
Al = ’
V(€ Lay — CraLin)? +4C,1 Crohr?
Ay = M

\/(07-1La1 — CroLy1 ) +4C,1 Cry M?

4) Mode 4 [ts <t < t4, Fig. 3(d)]: In this mode, Dg is at
the turn-on stage. After the voltage of C, reaches the output
voltage at the end of mode 3, Djs is active with ZVS and current
of L;; continues, so energy is transferred to the load through
diode D3 from the coupled inductor. The current stress of .Sy is
reduced obviously. Because the current of L;; decreases slowly
to zero, diode D3 turns off at ZCS. At t = t3, the initial condi-
tions are vo,o = Vo, 151 =0, ipq1 = ILal;; and iry; = ILb13 .



ZHANG et al.: DESIGN AND ANALY SIS OF A NOVEL ZVZCT BOOST CONVERTER WITH COUPLING EFFECT

The following equations are valid in this mode:

. M

iLal = Ipa1s — m%(t —t3) (N
M

iy = 1 ——=V,(t - t3). 8

iLb1 L3 = T e (t—t3) ®)

5) Mode 5 [ty <t < ts;, Fig. 3(e)]: In the interval when the
antiparallel diode Dg; is active, the turn-on signal for the main
switch Sy is applied at ZVZCT, and this mode starts. At the
beginning of this mode, current in L;; and D3 has been reduced
to zero at ZCS, meanwhile the 77,1 — [; freewheeling current
in Dg; continues to fall. There exist the following equations:

is2 9)
(10)

iLql =

ips1t = ira1 — 1.

The interval before which 47,1 — I; drops to zero provides
the turn-on control margin for the main switch. The signal will
be applied to provide ZVZCT turn-on of S; when its antiparallel
diode is active.

6) Mode 6 [t5 <t < tg, Fig. 3(f)]: At the beginning of this
mode, the control signal of S5 is removed. L,; and C,» start
to resonate. Capacitor C,.o discharges from V,. Sy turns off
with ZVS because the voltage of Sy (vg2) in this mode is
equal to ve,1 + ve1 with the parasitic capacitor. The volt-
age cross capacitor Co resonates to zero, the parallel diode
D5 will turn on with ZVS and help release the rest energy of
Lyi. At t =15, vor1 =0, vor2 = V,, i52 =0, ip1 = 0, and
ira1 = Irq1,. In this situation, the following equations are
derived:

Ira1s

Voro = Croor sinws (t—t5) =V, (11)
ira1 = Ipa1s cosws(t —ts) (12)
Trais .
s2 = r = S t— t 13
Vsg = Vo2 V01 Coon sin ws ( 5)  (13)
where w5 = 1 . Equation (13) shows that switch Sy

realizes ZVS turn-off successfully.

7) Mode 7 [ts <t <17, Fig. 3(g)]: This mode is a con-
ventional PWM mode. The power supply and the inductor L
organize an isolated circuit, and the output capacitor C; supplies
for the load power.

8) Mode 8 [t; <t < tg, Fig. 3(h)]: This mode starts by re-
moving the control signal of S7, and the main switch is turned
off with ZVS due to the parallel capacitor C,.;. The diode D,
turns on with ZVT as well. The C); voltage can be expressed
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as follows:

I;
Vorl = Ci(t_t’?) (14)

rl
Once the v¢,1 reaches V, this mode ends. The duration of

this mode is expressed as:
t7—8 _ ‘/;Crl )
I;

9) Mode X [ts <t < tg, Fig. 3(i)]: The uncertain mode X
will exist if the voltage cross C,» does not resonate to zero in
mode 6. After charging C,; completes, C,.o will discharge to
zero voltage, and current across L, will continue to go through
diode Ds. Obviously, Ds is also under SS in this mode. At
t =t3, vor2 = Vora, - The current i1, and the voltage ve, 2
can be calculated as:

15)

C, .
iLal = 7 2 Veras sinws (t — tg) (16)
al
vera = Viorag cosws (t — tg) (17)
where wg = \/0%
“r2dial
Mode X existence condition below should be satisfied.

1 1

§La1fa1,52 < §Cr2V02 (18)

where 1,1 5 is the current across L, at the instant 5. Att = tg,
one PWM period ends and the next one starts.

III. PARAMETER ANALYSIS

A. Conditions of Turn-On With ZVZCT and Turn-Off With ZVS

for the Main Switch

The ZVS turn-off condition of .S is always satisfied due to
existence of C.1. However, before the signal of the auxiliary
switch is removed, C,; must be discharged completely. The
driver signal of the main switch will be applied when the body
diode is in the on-state, such that the main switch will be turned
on with ZVZCT. Furthermore, the discharging time interval
for C,.; should not be longer than ¢3 — to. Thus, the following
conditions must be achieved for the ZVZCT turn-on of the main
switch Sy :

Itaizs—1; > 0 (19)
I;

< Tty — ). 20

Ci1 < Vo(s 2) (20

As shown in Fig. 2, the active signal of the main switch delays
the auxiliary switch. The delay time complies with the following

\/_ \/(OrlLal - Cr'ZLbl)Q + 40,-10,:2M2 + OrlLal + OTQL}JI

\/2Crlcr2(La1Lbl - M2)

\/\/(CrlLal - CTQLb1)2 + 407"107”2M2 + CrlLal + Cr2Lbl

\/2Cr'10r2 (La,l Lbl - M2)
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Fig. 4. Current and voltage waveforms using different inductors.

condition:

(ts —ty) < tdelay < t‘iDsle @D

where t|;ps1—o is the moment at which ipg; falls to zero, and
t3 is the moment when voltage of C} resonate to zero.

B. Conditions of Turn-On With ZCS and Turn-Off With ZVS
for the Auxiliary Switch

The rising rate of the current is limited due to the cou-
pled inductors. Therefore, the turn-on of the auxiliary switch is
achieved with ZCS. The resonance between C'.5 and L, occurs
when the auxiliary switch is in the off-state. Whether the voltage
of C.5 canresonate to V/, is critical to the ZVS realization of .S .
Because it determines the initial voltage (vge = v, + vo1) of
the resonance which ought to be zero at the beginning of mode 6.

The least conditions also should be achieved to turn on the
auxiliary switch S5 under ZCS according to (2), (6), and (13):

M > L. (22)

Due to the fact that the average charging current of C,.o should
be slightly lower than the input current I;, the following rela-
tionship is derived:

Cy < i

< Vo(t3 —t). (23)

C. Coupled Inductor and Capacitor Selection for
Soft-Switching Realization

According to the equivalent circuit in Fig. 1(b), one function
of the coupled inductor is that M - diy .1 /dt could be regarded
as a controlled voltage source to charge the capacitor C,.», which
plays the most important role for ZVS turn-off of the auxiliary
switch 3. Consequently, the stored energy in C,.» can be trans-
ferred to the converter output in mode 6.

In addition, part of energy in L, is transferred to the output
directly in mode 4 because of the existence of M - diy 1, /dt.
When iy, increases, the coupling effect due to M - diyq;/dt
helps the main switch achieve the ZVZCT condition more eas-
ily at a wide load range, according to the first condition of (19).
When iy, decreases, M - dir1;,/dt becomes a negative value,
effectively suppressing the reverse current of the main switch.
Meanwhile, the auxiliary switch current will be less than that
with the same-size independent inductance, resulting in loss
reduction (as shown in Fig. 4). With respect to the mutual in-
ductance M and the polarity of M - diy 1, /dt and M - digq,/dt

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 12, DECEMBER 2017
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voltage of Sy.

shown in Fig. 1(b), the dotted terminals of the coupled inductor
should be connected.

Considering the effect of the controlled voltage source M -
difp/dt, selection of a proper M may control reverse current
in Dy and the current stress of Sy. So a little smaller mutual
inductance selection with regard of M > L, [according to
(22)] will reduce the auxiliary switch current stress and improve
the efficiency accordingly.

Coupled inductors could be wired using different material
with high frequency, e.g., ring-type ferrite core MnFe204,
ZnFe204, etc. In practice, the coupling coefficient using the
ring core is not easy to reach over 0.95, and the coupling coef-
ficient will decrease when enlarging the distance between L,
and L. To carefully tune the distance between two windings
could help obtain the relatively precise coupling coefficient.

As shown in Fig. 5, if the coupling coefficient is close to 1
or larger than 0.9, the peak current of S is unacceptably high.
If the coupling coefficient is smaller than 0.4, there will not be
ZVS in S;. So the best choice is to both consider the maximum
current on Sy and satisfy the complete ZVS for Sy. Commonly,
the mode 4 existing means ir,;,; is larger than zero and the C,
has already been charged to the V,. By the critical condition,
the minimum value of coupling coefficient could be estimated.
Consequently, L, and Lj; can be estimated using the following
expressions:

M

trat — L = Ipa13 — mvo(t —t3)—1; >0
k€[04, 0.9]
LM
\/LalLbl
M Z Lal

24
C,1 includes the parallel capacitor and the parasitic capacitors
of S1 and D;. According to (13), the parasitic capacitor of
Sy must be considered as being in parallel with C,5 and Cj.
Equations (19)—(20) and (23) provide conditions of ZVZCT
turn-on for the main switch and ZVS turn-off for the auxiliary
switch, respectively.
C,o affects the SS range of the switches. Due to (13)
and (19), (vor2 —V,)/V, and ig41 — I; could be considered
as the SS boundary conditions for the main and auxiliary
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Fig. 6. SS range of main and auxiliary switches with different parameters.
(a) ZVZCT range of the main switch S;. (b) ZVS range of the auxiliary switch
So.

switches, respectively. Fig. 6 shows the relationship among SS,
capacitor C..o, and load with the input voltage 100 V. It is ob-
served Cry could not too large, which not only affects the switch
ZV'T boundary, but also affects the main switch recovery cur-
rent. Obviously, a proper selection for C.o will guarantee SS
conditions in a very wide load range.

IV. EXPERIMENTAL RESULTS

To verify the aforementioned analysis, a prototype of the
proposed converter has been built. The specifications of the
experimental conditions and circuit parameters of the proposed
converter are presented in Table I.

Fig. 7 shows the photograph of the proposed converter pro-
totype. This boost converter is composed of a main inductor
(L) coupled with the resonance inductors, a main transistor
with body diode, and a main diode. The output capacitance C
is chosen the value of 560 uF. The switching frequency is set
to 100 kHz, and the PWM duty cycle is 0.48 generated by the
control board TMS320F28335. The input and output voltages
are 100 and 200 V, respectively. The maximum power is 1 kW.

The maximum power level is actually the hardest condition
to realize SS for the converter seen from the Fig. 6(a). Since the
maximum and light load tests are both done, the load range is
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TABLE I
EXPERIMENTAL CONDITIONS AND CIRCUIT PARAMETERS

Symbols Descriptions Specifications

Si, Main switch IPW60R041C6

So Auxiliary switch IXFK55N50

Dy — Ds Diodes RHRP30120x5
Cr1. Oy Resonant capacitors 4.5nF, 5nF

Ly, Ly,y, Ly Coupled inductors 0.25 mH, 7 pH, 16 pH
kavs ka1, ko1 Coupling coefficients 0.83,0.41,0.32
Si, Main switch IPW60R041C6

Sy Auxiliary switch IXFK55N50

ain diode  Main capacitors

Coupled inductc
\.l"

Contral board
S1. S2 under i

Fig. 7. Proposed converter.
L = MPos:6120us
A1) 1
Vs1 f
il |
i ; L
f ; 131 |
W
| H 4
g““"“"“""“""“"""'““""“"_“ :.Ia_{;}‘r\,—;._a.u—bm-mw-_% RAS——— W"‘"’*"“
{n’l
& _ 1004 @ 00 1M 1.00us W ch1 - 2,404 <10Hz ]
Please wait.... Nov 01, 2016, 10:48]
Fig. 8. Voltage and current of S .

fully covered. Typical waveforms of current and voltage can be
found in Figs. 8—14. The main switch voltage and current wave-
forms for the turn-on and turn-off processes are shown in Fig. 8.
In Fig. 8, vg; reduces to zero before the gate triggering signal of
S is applied, and then the current reverses and increases from
zero, so the ZVZCT turn-on of S is achieved. In Fig. 8, when
the turn-off signal is applied, 75 decreases quickly to zero, and
then, vg increases. Therefore, ZVS is also achieved in the turn-
off process. Fig. 9 shows the turn-on and turn-off processes of
Sy. Current increases smoothly when the active signal of .S is
applied, so S5 turns on under ZCS. It also can be seen from this
figure that when the switching signal is removed, 72 decreases
quickly to zero, after that, vgs increases to V,, and ZVS is also
valid. In Fig. 14, it could be seen that when the mode X exis-
tence conditions is satisfied, capacitor C,o discharges again in
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& 100A
Please wail....

@ 00V M 500ns h1 7 800mA  <10Hz

Nov 03, 2016, 10:30

Fig. 9.

Voltage and current of S .

& 100A

L : M 72004 <10Hz
Please wait....

MNov 01, 2016, 11:40

Fig. 10.  Voltage and current of Dj .

I ch1 7 -160mA__101.613kHz
Nov 01, 2016, 12:10

Fig. 11.  Voltage and current of Sy without mode X.

mode X, and the auxiliary switch voltage rises to V, after the
main switch turns off. Fig. 11 shows that when mode X does not
exist, the auxiliary switch voltage rises to the output voltage im-
mediately after the auxiliary switch is off. As Fig. 10 shows, the
main diode operates in the soft-switching state. The rest diodes
are also at the soft-switching state. Therefore, the efficiency of
the converter is improved additionally. It can be seen in Figs. 13
and 14 that the same SS situation of the switches exists for the
light load (one-fifth of the maximum load). Fig. 12 shows that
the use of the coupled inductor can help transfer energy to the
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J ch2 - 38.0v
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converter output, so a quick fall and the small average current of
Sy due to the coupling effect reduce circulating cost compared
with that using an independent inductor. Furthermore, the peak
current providing for (¢,1 — I; > 0) expands the ZVZCT con-
dition for S; of the load range and overcomes the input current
affection due to the coupling effect.

The efficiency of the proposed converter is measured by a
power analyzer (WT-1800). The efficiency curve of the proposed
converter is shown in Fig. 15, which demonstrates that high
efficiency can be obtained in a wide load range. At the maximum
load, the peak efficiency reaches 97.4%. In the meantime, soft-
switching could be implemented at light load, and efficiency of
92% at only one-fifth maximum load is reached. The efficiency
of the proposed converter is higher than that of the soft-switching
converter using an independent inductor, which is consistent
with the fact that efficiency is improved additionally since the
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energy in the resonance circuit can be transferred to the converter
output and reduces average conduction current of the auxiliary
switch thanks to the coupling effect.

V. CONCLUSION

In this paper, a novel boost ZVZCT soft-switching converter
topology is proposed. This converter provides the main switch
ZNZCT at the turn-on process and ZVS at the turn-off, also the
auxiliary switch turns on at the ZCS and turns off at the ZVS. All
the diodes could operate under soft-switching conditions. The
main switch is not subjected to additional voltage and current
stresses. Meanwhile, there is no additional voltage stress on the
auxiliary switch, and its current stress is at an acceptable level.
The prototype of the proposed converter has been built, and
the experimental results verify the soft-switching realization.
The efficiencies are better in a wide range than those in the
conventional or independent-inductor-based converter, which
is in accord with the theoretical analysis derived in this paper.

APPENDIX

The derivation process for some solutions in Section II re-
garding the circuit state equations is provided in Appendix. In
mode 2, the differential equations according to the Kirchhoff
voltage law (KVL) and Kirchhoff current law (KCL) are listed
as follows:

Loy — M)(Lyy — M
V= {L(1,1—2M+( 1 M) >+Lb1]

M
dirp Loy — M

1 or Al
X — +< 7t )u 2 (A1)

ducr .

Cra dt2=sz1. (A2)

The initial conditions at ¢t =1t; are vco,.1 = V,, voro =
0,751 =0, 45 =0,ip1 = [ and igq1 = irp1 = 0.

In mode 3, we list the differential equation related to KVL
and KCL as follows:

dVe, .

Cri—™ =i —iLa (A3)
dVers

Cro— = ipy (A4)

dt

8999
LoiLyy — M* digyn Loy
= . A
% U in Vere = Ve (A5)
dirp diry
M =Ly——— + Voo A6
I Mg + Voo (A6)

The initial conditions for this equation set are considered as
vor1 R Vo, vore = 0and ifg = iy = 0.
In mode 6, the following differential equations are obtained:

di
Lig =3 +uce +V, = 0 (A7)
duco .
C7‘2 dt7 = 1Lal- (AS)
At t = t5, we have the initial conditions as vo,.1 = 0, igo =
07 Z.Dl = 0’ iLlu - ILla,Sa and ucr2 = _‘/0

Inmode X, at ¢ = t3, there exist vc,9 = Voo, andip, =0,
and the state equations are depicted as follows:

dir,
Liy = = ver (A9)
dvc, )
CTQ% = iLal- (A10)
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