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A Single-Switch ZVS High Step-Up DC-DC
Converter With Stacked Voltage Multiplier Cell

Xinping Ding ¥, Member, IEEE, Kaixin Jiang

Abstract—This article proposes a new single-switch high step-up
dc—dc converter with soft-switching characteristics in renewable
energy systems. The converter consists of a Sepic-based network
integrating a build-in transformer and a voltage multiplier cell
(VMC) stacked on the output. It achieves ZVS turn-ON for the
switch in a certain load range by designing proper components’
parameters without adding any additional devices. In addition, the
converter has a simple structure with a small number of com-
ponents, which contributes to the power density and efficiency.
Because of the three-winding build-in transformer and stacked
VMU, the voltage gain is increased, the voltage stress on the output
capacitors is reduced, and the converter is more flexible. Further-
more, all diodes achieve ZCS turn-OFF, which improves the effi-
ciency. A resonant operation reduces the turn-OFF current, which
in turn reduces the turn-OFF loss of the switch. The steady-state
operation principle, soft-switching conditions, and comparisons
have been analyzed in detail. Then, the properties of the converter
are verified by designing a 500 W prototype in the laboratory. The
peak efficiency reaches 95.44% at 300 W and the efficiency at a
rated power is 94.16 %. The typical experimental waveforms of the
proposed converter agree well with the theoretical analysis.

Index Terms—Build-in transformer, low voltage stress, single-
switch, soft-switching, step-up DC-DC converter.

I. INTRODUCTION

HE global transition towards renewable energy sources,
T such as photovoltaic (PV) systems and fuel cells, has neces-
sitated the development of efficient power conversion technolo-
gies. High step-up dc—dc converters are pivotal in this context,
as they boost the low voltage output from renewable energy
sources to higher dc voltage levels suitable for grid integration
and other high voltage applications. Achieving high reliability,
high efficiency, high voltage gain, and low electromagnetic inter-
ference are critical requirements for these converters, prompting
continuous research into innovative topologies [1], [2].

The conventional dc—dc boost converter is unable to support
high-voltage gain PV applications because it can only achieve
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high voltage gain with an extreme duty cycle that causes high
voltage stress on the power device and increases the power losses
[3], [4]. Researchers have combined various voltage multiplier
techniques, such as switched capacitors, switched inductors,
and cascading techniques, with conventional boost converters
to increase the voltage gain [5]. Due to the high number of
components used in the voltage multiplier cell (VMC) [6], [7],
it requires more than one VMCs in higher voltage gain appli-
cations. As a result, the cost as well as the size of the converter
will increase, limiting its application in ultrahigh voltage gain
applications. To address this problem, the coupled inductor
(CI)/build-in transformer (BIT) voltage multiplier technique has
been proposed. The voltage gain can be flexibly adjusted by
regulating the turns ratio of the CI/BIT without adding any
other components [8], [9], [10], [11], [12]. Simultaneous use
of coupled inductors and transformers can further increase the
voltage gain and design freedom of the converter [13], [14],
however, the increase in magnetic components will bring about
an increase in the size of the converter. In conclusion, magnetic
coupling technology can realize high voltage gain with simple
structure and small size.

Soft-switching technique is highly effective in improving the
converter efficiency as well as the electromagnetic environment.
In recent years, many high step-up dc—dc converters with soft-
switching characteristics have been presented. Most of these
converters utilize the leakage inductance of magnetic elements
or use auxiliary resonant circuits to achieve soft switching
condition [15], [16], [17], [18], [19]. Poorali and Adib [20]
and Ding et al. [21] proposed some soft-switching high volt-
age gain dc—dc converters based on Quasi-Z-Source network.
Although these converters can provide a high voltage gain and
soft-switching conditions, the current stresses of the switches are
usually high. Moreover, these converters require two switches
to realize soft-switching by setting the dead time, thus, there is
some attenuation to the voltage gain and complexity of control
and drive circuit.

Single-switch high step-up dc—dc converters of the VMCs
cascade type and VMCs stack type have received increasing
attention in recent years due to their high efficiency [22]. Most
of these VMCs integrate coupled inductors to increase the
voltage gain of the converter. Some researchers have combined
a modified Sepic converter with coupled inductor VMCs to
obtain Sepic-integrated coupled inductor boost converters [23],
[24], [25], [26], [27], [28], [29]. These converters can achieve
ZCS turn-ON transition for the switch because of the leakage
inductance. In addition, the resonant cavity circuit formed by
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Fig. 1.

the leakage inductance, a resonant capacitor, and a clamping
capacitor provides a quasi-resonant (QR) operation. However,
for MOSFETS, the ZCS turn-ON is far less advantageous than
ZNVS turn-oN. In [30], [31], [32], and [33], the step-up dc—dc
converters integrated with three-winding coupled inductor are
presented. These converters possess a more flexible adjustment
of voltage gain and voltage stresses. However, the power switch
in these converters suffers high switching losses.

This article proposes a novel single-switch high step-up de—dc
converter based on a Sepic network integrating a three-winding
build-in transformer. It inherits the properties of input current
continuity, passive clamping, and voltage boost of Sepic net-
work. A three-winding build-in transformer and stacked VMC
used to increase the voltage gain makes the converter design
more flexible and the low number of components, which make
the converter simple, stable, and reliable. A resonant tank created
by the leakage inductance and capacitors helps to decrease
the switching loss and improve the EMC environment [34],
[35]. Moreover, the converter uses the build-in transformer and
parasitic capacitors to achieve ZVS-ON of the switch, and makes
full use of the parasitic parameters of the converter without
adding extra components. Also, the structure of convertor leads
to ZCS turn OFF for all diodes, which reduces the power losses
of the converter.

The rest of this article is organized as follows. Section II
analyses the operation principle, the steady-state characteris-
tics, and the soft-switching principle of the converter. Param-
eter design and efficiency estimation are given in Section III.
Section IV compares the performance of the proposed converter
with the previous published converters. The experimental setup
and results are given in Section V. Finally, Section VI concludes
this article.

II. STRUCTURE AND CONVERTER ANALYSIS
A. Proposed Converter

The proposed single-switch high step-up dc—dc converter is
shown in Fig. 1, which consists of a Sepic-based network and a
VMC stacked on the output. The structure is simple with small
number of components. The Sepic-based network inherently has
continuous input current and switch-clamping properties. The
three-winding build-in transformer integrated into the converter
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Fig. 2. Typical waveforms of converter operation. (a) Waveforms in ZVS-ON
condition. (b) Waveforms in ZCS-ON condition.

not only has a function of voltage enhancement and makes the
converter design more flexible but also provides a condition of
soft switching for the switch and diodes. In addition, there is no
dc component in magnetizing current of the build-in transformer,
which makes the ferrite core less susceptible to saturation. The
output-side stacked construction also reduces the voltage stress
on the output capacitors and diodes.

Assuming that the proposed converter operates in continuous
conduction mode (CCM) of the input inductor current. Switch
S is N-MOSFET considering its body diode D¢ and parasitic
capacitances Cs. The inductor and the capacitors are linear, time
invariant, and frequency independent. All voltages on capacitors
are considered to be constant in a switching period.

The proposed converter operates either in zero voltage turn-
ON (ZVS-ON) transition or in zero current turn-ON (ZCS-ON)
condition for the switch S, which depends on the converter pa-
rameters and load. Fig. 2(a) shows the typical waveforms of the
components with the switch in ZVS-ON transition and Fig. 2(b)
shows the typical waveforms in ZCS-ON. There are six operating
modes in a switching period, modeling the build-in transformer
by a leakage inductance Ly, a magnetizing inductance Ly, and
an ideal three-winding transformer with turns ratio ny = No/N;
and ny = N3/Ny, as shown in Fig. 3.

B. Operating Modes in ZVS-ON Condition

1) Mode I[ty-t1]: Atty,the power switch S begins to conduct
with ZVS. During this subinterval, diodes D; and Dy are OFF
due to the reverse voltages applied on them, and diode Dj
is forward biased so that the voltages across the windings of
build-in transformer are clamped. The inductor L; is charged by
the voltage source V, while capacitor Cy3 transfers energy to
capacitors C; and C,2 by means of the three-winding build-in
transformer. The load R takes energy from capacitors C,; and
Co3. In order to reduce the current amplitude when the switch is
turned OFF, a resonant tank formed by the primary and secondary
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Fig. 3.

sides of the three-winding build-in transformer, C1, and C,3 is
adopted.

As shown in Fig. 3(a), due to quasi-resonant characteristic, the
currents of the switch S along with D3 varies sinusoidally. This
reduces the switch turn-OFF power dissipation. Moreover, the
quasi-resonant operation provides a natural drop of the current
through D3 to zero at the end of this mode, which suppresses
the reverse recovery loss of the diode. The resonant frequency
fr can be obtained as

IS U e
Coan/InCop Y Ci4Cos’

The switching frequency f; of the converter is close to the
resonant frequency to ensure the quasi-resonant operation and
the best state of operation for reducing the peak and turn-OFF
currents of switch is that the duration of switch in ON-state equals
to half cycle resonating time (DT = Tr/2). In this mode, the
following voltage equations can be listed:

Ir ey

vra(t) =V, 2)
dipg(t dipm(t
UCl(t) + Lkm + (1 - nl) LHLL() - UC’OS(t) =0
dt dt
3)
difm(t) 1

Ly ———- = —voea(t). 4
7 Y 2(t) 4)

And the current through D3 can be derived as

1-— ik (t) — tpm (T
ia(t) = L0 D) 5)

n2

2) Mode 2[t1-t2]: As shown in Fig. 3(b), at #1, i p3 drops to
zero naturally and D3 reverse biased. During this subinterval,
the voltages applied on the windings of the build-in transformer
are not being clamped. The rising slope of leakage current is in
line with the magnetizing inductance current, which is increasing
linearly in both cases. Inductor L; and capacitor C; continuously

Operating modes of the proposed converter. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6.

charged by V, and C,3, respectively. Capacitors Cy1, Cy2, and
C,3 together provide energy to the load. This mode ends when
switch S is turned OFF. The current relationship in this mode can
be obtained as

. Z.L'm(t)

t) = —= 6
irk(t) T (6)
. . . ILm(max)
is(t2) =ipi(te) +ick(te) = IL1tmax) + —V——— (7)

1-— ny
where /7,1 (max) and /7, (max) 18 the maximum value of ir,; and
iLm-

3) Mode 3[to-t5]: As shown in Fig. 3(c), this transient mode
starts when switch S receives the turn OFF signal. Since the
capacitor Cg decreases the variation rate of vg, the switch §
turns OFF under ZVS condition. Meanwhile, the diodes D; and
D5 start to conduct due to the voltage across them becoming
forward. The voltages on the windings of build-in transformer
are clamped by voltage of C,;. This mode ends with the current
iy decreasing to zero. Equations can be obtained at the end of
this mode as follows:

dipw(t) 1
LmT - . VCol (t) (8)
ip1(t3) ~ is(t2) ©)
’L'DQ(tS) _ _(1 - nl)iLk(tB) + ZLm(t3) ~ ILm(max) ) (10)
%) N2

4) Mode 4[t3-t4]: As illustrated in Fig. 3(d), during this
mode, diodes Dy and D are forward biased, and Dj is still OFF.
Inductor L, and capacitor C; transfer energy to capacitor Cy1,
Co3, and load through diodes D1, D5, and build-in transformer.
At the same time, capacitor Cyz also releases energy to the load.
The current it,; decreases positively and it i increases negatively,
leading to the decrease of ip; and the increase of ips. When ipg
drops to zero, this mode ends and diode D, turns OFF under ZCS
condition. At t4, the current ips reaches its maximum value and



DING et al.: SINGLE-SWITCH ZVS HIGH STEP-UP DC-DC CONVERTER WITH STACKED VOLTAGE MULTIPLIER CELL

L ol N, D, Cor T~
,,,,,,,,, E,li,,L,,:,,,f, PR—
k
Lm%[%é§ E;Na 1
—fol lo RS
D, : g N
Ve ; P ;
i D; Col~
S|t | !
> “T
Fig. 4. Operating Mode 6 in ZCS condition.

it can be estimated by

(I —nq)ipk(ts) —ipm(te)
ns

ip2(ts) = —

_ (1 —nl)iLl(t4)+7:Lm(t4). (11)
n2

And the voltage of Ly during this mode can be expressed as

vri(t) = Vg — veos(t). (12)

5) Mode 5[t4-t5]: In this subinterval, diodes D, and Dg3 are
OFF, and D5 are ON. The voltages on the windings of build-in
transformer are still clamped. The energy exchange process is
the same as in the previous mode. The current ir,; together with
irx decrease linearly because L; and Ly are in series during
this time interval, as shown in Fig. 3(e). Thus, the current ipo
also decreases linearly until it reaches zero, which allows D5 to
achieve ZCS-OFF, and this mode ends.

6) Mode 6[t5-ts]: During this subinterval, all diodes are
reverse biased, as shown in Fig. 3(f). The voltages of the
windings of build-in transformer are no longer clamped. Hence,
the primary and secondary sides of the three-winding build-in
transformer begin to resonate with Cs. When the voltage of
switch drops to zero, the switch S is turned ON, thus achieving
ZVS-0ON. Capacitors C,; and C,o discharge to the load while
Co3 charge from it. The equation of v4 can be obtained as

vs(t) = (Vs — Vy) cosw,(t —t5) +V, (13)

_ (1-n1)’LiL,
— 7 11 . \275
€q Li+(1-n1) Lo

where w, = ClL L
sLeq

C. Operating Modes in ZCS-ON Condition

When the converter operates in ZCS-ON transition, only mode
6 is different, the rest are the same as the modes when the
converter operates in ZVS condition.

Mode 6[t5-tg]: At ts, the switch S receives turn-ON signal and
starts to conduct in ZCS-ON condition because of the leakage
inductance L,.. Meanwhile, the diode D> remains on and contin-
ues the current ips. The diodes Dy and D3 are OFF during this
subinterval, as shown in Fig. 4. The value of ips at 75 can be
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Fig. 5. Voltage gain versus turns ratio n1 and ng for different duty cycles.

approximated as

(1 — nl)im(tg)) + iLm(tg,)
ng

ip2(ts) =

1- I min + I min
_ ( nl) L1(min) Lm(min) (14)
ny

where 11,1 (min) and I7m(min) is the minimum value of i,; and
iLm-

At tg, the diode D5y achieves ZCS turn OFF and D3 begins
to conduct. The current of diode D3 and switch S at g can be
approximated as

. —1 m t I m(min
ZD3(t6) ~ LnQ( 6) ~ _ L n(2 ) (15)
i5(t6) = IL1(min)- (16)

D. Steady State Analysis

Due to the short duration of modes 3 and 6 in a switching
period, only the modes 1, 2, 4, and 5 are considered in the steady
state analysis. By applying the volt-second balance law on the
Ly and Ly, the voltages of capacitors C1, Co1, Co2, and Cy3 can
be derived as

D D
{Vm =15V Voo = g5 Ve

N L a7
Vooz = ﬁvg; Veoos = ﬁvtg

From Fig. 3, the ideal voltage gain G of the proposed converter
in CCM can be expressed as

E — VCOl + VCOQ + VCOB 1—n1+no

G= = . (18)
Vy vy (1=n1)(1-D)
Thus, the ideal voltage stresses across switch S and diodes are
1—
Vs =Vp1 = Y, Vs = Vg = w2

1-— 1 + n9 °
19)

Fig. 5 depicts the ideal voltage gain versus turns ratios n;
and ny at different duty cycle. It is clear that the converter

1—n1—|—n2
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Fig. 6. Voltage gain versus duty cycle at various coupling coefficients with
n1 =0.5,ny =2.

achieves high voltage gain with low turns ratio for a duty cycle
0.5<D<0.6, helping to reduce the leakage inductance of the
build-in transformer.

Actually, the build-in transformer has leakage inductance
which has effect on the voltage gain of the proposed converter.
The voltage gain considering Ly is calculated as

1
. E—n1+n2
T oea-D)

where kis coupling coefficient of the build-in transformer, which
is expressed as

(20)

L,

=" 21

Fig. 6 shows the voltage gain versus duty cycle with different
values of k. As it can be seen from Fig. 6, the effect of leakage
inductance on the voltage gain is more significant as the duty
cycle increases. Thus, it is necessary to reduce the leakage
inductance as much as possible when designing the build-in
transformer.

The average current I of inductor L; in ideal condition can
be obtained by employing the law of energy conservation

1y, =Gl, = ——————— 1. (22)

Consequently, the maximum and the minimum value of it

can be calculated as

VyD DRI,

ILl(max) = Ig + 2LglfS = GIO + 2GL1 fs (23)
B v,D _ DRI,
ILl(min) - Ig - 2Lg1fS =Gl - 2G Ly fs

where f; is the switching frequency, I, is the output current, and
R is the load.

By applying the amp-second principle on the capacitors, the
average currents of the diodes are derived as

1 1 1
7IO7ID2 = 71()’ID3 = BIO

1-D 1-D @4

Ip =

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 6, JUNE 2025

And the average value of iy, is zero, thus, the maximum and
the minimum value of ir,,, can be calculated as

T _ VgD _ DRI,

Lm(max) = 3(T—n1)Ly fs  2(1-n1)GLm /s 95
I o VgD _ —DRI, (25)
Lm(min) = T 30-n1)Lmfs  2(1-n1)GLm fs "

Combining (7), (9), (23), and (25), the turn-OFF current of
switch S and the maximum current through diode D; can be
estimated as

DRI
I = Ipi(max) = GI, + ———2—. 26
s 0FF = ID1(max) + 2Lyt (26)
So, the duration of modes 3 and 4 is
2
ty —ty = (27)

DR ’
(G + 2GLeqf5) fs

The maximum currents of diodes Dy and D3 at DTy, = Tr/2
are estimated as

~ (1—=mn1) (D(1—-D—2Dyy)R
Ipa(max) = N9 2(1 = D)GLeyfs TG) L (28)
where Doy = (L4 — t2) fs
i,
ID3(max) = ﬁ (29)

And the maximum current of switch § is estimated as
noml,
2(1—=nq)D’
Combining (25), (28), and (29), the duration of modes 5 is
calculated approximately to be

21,
ty —tg = | ———— — Doy | Ts.
ID2(max)

IS(max) =Gl, + (30)

€29

E. Boundary Conditions for ZVS

Whether the converter operates in ZVS-ON transition depends
mainly on the condition of mode 6. When operating in the mode
6 shown in Fig. 3(f), the switch of the converter can achieve
ZVS-ON. In this mode, the switch S is in OFF state and the current
through tertiary winding N3 is zero. We define this operating
mode as the tertiary winding zero current mode (TW-ZCM)
and its opposite as Tertiary winding continuous current mode
(TW-CCM). TW-ZCM s the first necessary condition for the
switch to realize ZVS-ON, at which time the parasitic capacitor
C; resonates with the primary and secondary windings of the
build-in transformer. The second necessary condition is that
the voltage vy on the switch is able to drop to zero during the
resonant cycle. And the last condition is that the switch S is
turned ON when the v is zero. The conditions for the switch to
fulfill ZVS-ON can be summarized as follows: 1) The current
of the third winding of the build-in transformer is zero, and
there is no clamping function of the output voltage. The parasitic
capacitor of the switch can resonate with windings of the build-in
transformer, 2) the duration of mode 6 ensures that the switch
voltage vg resonates to zero, 3) switch voltage v4 remain zero
before the switch is turned-ON. Detailed descriptions of the
above three conditions are given as follows.
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The voltage of switch during this interval is

D
vs(t) Yo

=1-D coswy(t —t5) + V.

(32)

Consequently, the necessary condition for the switch to be
able to realize ZVS is that the minimum value of v, in this mode
can reach zero. It is necessary for the duty cycle D to satisfy the
constraint as follows:

D > 0.5. (33)

Fig. 7 depicts the waveforms of vy for different operation
states. In Fig. 7, #, and #, are the moments that make vy equal
to zero. Afmodes = fg-I5.is the duration of mode 6. When
D < 0.5, the minimum value of vy is greater than zero, which
does not meet the condition of ZVS-ON. When D > 0.5, and
Altmodes > I - 5, the converter operates in ZCS condition.
Only when D > 0.5, and t,, - 15 < Atodes < 1y, -15, the converter
achieves ZVS-ON transition of switch. Thus, the constraint can
be derived as

1-ny [ D(1-D-2D24)R -2
(2(1—D)GLeqf5 +G)> 17D7£—iarccos%

1-nq D(17D72D24)R 2
N2 (2(1—D)GLeqfs +6G)< 17D7227f+£—iarccos%

T D-1
5 < arccos =5 <.
(34)

According to (34), the dependence of the ZVS boundary on
parameters can be depicted in Fig. 8. It is clear that the ZVS-ON
of the switch can be achieved by designing the values of Ly, Ly,
D, and f; properly.

III. PARAMETERS DESIGN AND EFFICIENCY ANALYSIS
A. Design Guidelines

The following quantities need to be specified before designing
the parameters of the components.

1) Input voltage V.

2) Output voltage V.

3) Rated power P,,.

4) Switching frequency f;.

5) Parasitic capacitance of the switch Cs.

The value of input inductor L; mainly takes into account the
requirement of input current ripple. During the switch ON mode,
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Fig. 8. Dependence of the ZVS boundary on parameters (n1 = 0.5, no = 2,
fs = 50 kHz). (a) Leq versus R. (b) Cs versus R. (¢) Leq versus D. (d) Cg
versus D.

the inductance can be calculated by

1, _ VD _ DR

- Alpifs  roiGAfs

where rp,; is ripple factor of the input current. At rated power
generally take the value of 0.2-0.25.

The turns ratio n; and ny of the three-winding build-in trans-
former are determined by compromising leakage inductance and
voltage gain. The magnetizing inductance is determined after
choosing an operating point where the switch of the converter
can achieve ZVS-ON. The selection of this operating point is
givenby (34) and Fig. 8. The value of the magnetizing inductance
L., can be obtained as

(35)

Ll Leq
L, = 5 .
(1 —n1)" (L1 — Leq)
Note that the value of the magnetizing inductance should not

be too small to avoid saturation of the core. The core size can
be selected by AP method

(36)

VLm(on) INl(rms) D
JK’UJ Bmaxfs

where A, and A,, are the core cross-sectional area and core
window area, respectively, which are expressed in cm?. J is the
current density expressed in A/cm?. K., is the winding fill factor.
Biax 1s the maximum operating flux density expressed in T.
VLm(on) is the voltage applied on L, during the switch is ON
time and IN1(rms) is rms value of the current through winding
Nj.
The number of turns of the windings are given by

D(1 - D)RI,
2(1 —n1+ n2)BmaXAefS

AP = A A, = x 10% (37)

Imeame
M= B( /)1 -

(38)
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TABLE I TABLE III
DESIGN PARAMETERS OF THE PROPOSED CONVERTER VALUES OF THE PARAMETERS OF THE PROPOSED CONVERTER
Parameter Value Parameter Value PARAMETER Value
Input voltage V, 36-48 V Rs 8 (mQ) Lons Lofr 146, 138 (ns)
Output voltage V, 380V Rai 4 (m) L o 132’ ;:2
Rated power P, 500 W Ror, 11:m/ Ros 8’31'3 (‘;‘29) f B ’ET Al oon
Frequency f; 50 kHz H (mC) o S
Ind L 200 R, Rno, Rys 22, 13,46 (mQ) Ny, Nr 52,8
g nductor £ uH Vepi, Vipo/ Vens 0.75, 0.8 (V) Ao, Aer 105, 196 (mm?)
Build-in transformer L., / Ly 80 and S0 uH /1.2 uH M Ve 16490, 17260 (mm”)
Turns of windings N=8, N.=4, N;=16
MOSFET § IRFP4668PBF 1 25
. d
Capacitors (Cy, Co1, and Cyp) / Coz 10 pF / 68 pF
. STTH6003CW /
Diodes D, / (D, and Ds)
STTH6004W 095 ---- === 120
s )
TABLE II Z m=05, m=15 )
PARASITIC PARAMETERS OF THE PROPOSED CONVERTER £ 09} m=0.5. m=2 {15 o
S = m=0.5,m=25 ‘ =3
= =
Parameter Description = ;
Rs Static drain-to-source on-resistance of the MOSFET 085 110
Rei Equivalent series resistance (ESR) of the capacitor
Rp; ESR of the diode 08 5
Ruy ESR of the input inductor 0.1 0.3 0.5 0.7 0.9
Rxi, Ry, Ry ESR of the windings of build-in transformer Duty cycle, D
C Equivalent drain-to- source capacitance of the MOSFET
Vepi Forward voltage drop of the diode Fig. 9. Theoretical efficiency and voltage gain versus duty cycle at different
tons toft Turn-on and turn-off transition time of the MOSFET turns ratio.
N2 — nlNl Capacitors, 0.91W
. (39) Diodes, 2.99W 3.75%
N3 = naN; 12.31%

The output capacitor C,; (i = 1, 2, 3) can be calculated as
follows by limiting the voltage ripple:

O = IcormyD _ 1-ni4no
ol = AVgorfs ~ TcormafaR
_ ICoZ(on)D . 1—n1+n2
Cor = RVewalo = TommafiR (40)
C — ICoS(on)D — (17n1+n2)(n2+(17n1)D)
03 AVCO?)fS 7‘003(1—7’1.1)2st

where rc,; is ripple factor of the capacitor voltage, which usually
is considered as 0.02-0.05.

Due to quasi-resonant characteristic, capacitor C; resonates
with the leakage inductance, and the resonant frequency needs
to be similar to the switching frequency. Thus, the capacitor C;
can be obtained as

1

_— 41
ey T —— @b

Cl ~
Finally, the calculated parameters of the proposed converter
for experiment are listed in Table I.

B. Efficiency Estimation

The power dissipation of the proposed converter mainly
consists of switch power losses, diode power losses, capacitor
power losses, and magnetic power losses. The main parasitic
parameters of the proposed converter are listed in the Table II.

The power losses of the proposed converter are calculated as
follows when the converter operates in ZVS-ON condition.

Switch, 6.16W
25.37%
Magnetic components,
14.22W 58.57%
Fig. 10. Power losses distribution of the components at 500 W.
=B e B2 T
=191 [26] - [27] S
it [Q] ceeeee- —_— VAR AP FR
& 27 1] [10] [31] Y I.i,l;_r
= — Proposed Converter ;|
= :
&)
o
oh
S
S
>
0 I i i
0 0.25 0.5 0.75 1
Duty Cycle, D
Fig. 11.  Voltage gain comparison of converters given in Table IV.



DING et al.: SINGLE-SWITCH ZVS HIGH STEP-UP DC-DC CONVERTER WITH STACKED VOLTAGE MULTIPLIER CELL

TABLE IV
COMPARISON BETWEEN THE PROPOSED CONVERTER AND OTHER SIMILAR CONVERTERS
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. Number of Input
Converter Voltage Gain Voltage g:"r,?tscshon Main Total Zr(:l]t;igoediresses Components SWSit(::t;tl—in Current Cé):Lrlr:l(:in
S/D/C/CL(BIT)+L/T S Ripple
2n—-1 (n=1)V, 2nV,
9 — — < 2/2/4/1™+1/10 ZVS L Ye¢
ol (n-1)(1-D) -1 -1 o es
1+nD+n, v, (I+n, +2n)V, 3w .
[10] “1-p LinD+n, 71+”1D+n2 1/3/3/1°%+0/8 ZCS High Yes
2+m +n,D Vv, (2+2n, +n,D)V, w )
[19] -0 72+n1 “nD 72_'_”1 +mD 2/3/4/1°V+0/10 ZVS High No
1+2n, —n, (n,—n)V,
e L B 2, W
[24] 1= D) 122 n f 4/5/13V+1/12 ZCS+QR  Low Yes
n +nz(l+D)_D (nz _1)Va 2("1 +nz)Vu W
26] oDy n(+D)-D wm(+D)D 13/4/1°%+1/10 ZCS+QR Low Yes
2+D+n,—n (-n)V, (4+2n,—n)V, W
[27] oDy R Fe— SiDimon 1/4/5/13Y+1/12 ZCS+QR  Low Yes
v, S+4n +2n,)V,
[30] 3+2m4m — Gt dm +nm)V, 1/5/5/1Y-+0/12 ZCs High Yes
1-D 3+2n +n, 342, +n,
31 Limtm+D b, Gt 2m tm)l, 1/4/5/1V+1/12 zcs L Y
311 n(1-D) 1+n, +n,+D 1+n, +n,+D ow e
2+n, v, B+n, +2n,)V, W
[32] 7(1—;11)(1—D) 2em, 72-%—;’12 1/4/5/1°%V+1/12 ZCS Low Yes
Proposed I-n+n, (=n)r, (—=n +2n))V, W ZVS/ZCS
Co et =1 T - 1/3/4/1W+1/10 "OR Low Yes
Notes: S = Switches, D = Diodes, C = Capacitors, CL(BIT) = Coupled Inductors (Build-in Transformers), L = Inductors, T = Total Components.
0.65 T 25 T T T
2 === [30] ~~~ [24] [32] : i I Proposed Converter 3
Z — T [19)26] 7 [27] ! B o 62 c = CsE S
M —
PR R [oyj—— By fp-—---- Ei— 20/ 24 e | R 2 B ]
g Proposed Converter } < [ 20) [ 131]
) I E/ n |
Z £ 03sf g 13
- .- . »
3z g
S @
= o )
g =) ’; 10|
= 0.2 z
=l =]
Z. -
5
0.05 : : :
0 0.25 0.5 0.75 1 0
Duty Cycle, D . . .
Capacitors Diodes Switches Magnetic Components
Fig. 12.  Comparison of normalized voltage stress on switch. . L.
' P 1zed vollag W Fig. 14.  Power loss distribution of the converters under P, = 500 W.
1 T T T T
1) Switch Losses: Due to the ZVS operation, the switch turn-
0.951 Pt ON power loss is eliminated. We only consider its turn-OFF power
= 4 loss and conduction power loss, which are expressed by Pgy s
= .
2 oob Il'/ and Pnq,s, respectively, as follows:
2 i /
s 1
[ e —_ —_— t . Loff .
085 91 =" (261~ 127) Pow,s = & (J3™ Vsisdt + 3" Vsist)
|, - [24] [32]— — [31] L o
i ] Proposed Converter =3 IsVsis <t2 ) Loff (42)
0.8 . t
1T - 2 2
0 100 200 300 400 500 Peond,s = 7 fo Rgig?dt = RgI% ..
Output Power, P, (W)
Fig. 13. Efficiency comparison under the same voltage gain (n; = 0.5, 2) Diode Losses: From Section II-B, all diodes of the pro-
ng =2). posed converter turn-OFF with ZCS. Then, the diode power
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Fig. 15. Experimental setup and prototype.

losses are calculated as

3
Pp =Y (Vepilo + Rpilp, ms)-

=1

(43)

3) Capacitor Losses: The capacitor power losses can be
estimated as follows:

Pe = RClIg’lfnns + RCOlIé’olfrms + RCO?I%’027rms
+ RCO3I€'03—rms' (44)

4) Magnetic Components Losses: Losses in magnetic com-
ponents include copper losses Pc, and iron losses Pr. [36],
expressed as

Pey = RLlIElfrms + RNlIl%lfrms + RNQIlgm—rms

+ RN3II%T3—rms (45)
Br—a
Pre 1, = kir (—ﬁ;fgﬁ) o
Vi g, Vi oy,
(o) o+ () "o
_ Vimon) D fr—ar
Prer = kir §oa 7
(o) D+ (e ) T - ) vy
k
ki = a7

(2m)* ! fo% |cos 0|“28—dp
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where «, 3, and k are Steinmetz parameters. k; is modified
Steinmetz parameter in order to adapt square voltage excita-
tion. N is the winding turns of magnetic component. A, is the
core cross-sectional area. The subscripts L and T represent the
inductor and the build-in transformer, respectively.

The power losses of the switch in the ZCS-ON are different
from those in the ZVS-ON condition. When the converter oper-
ates in the ZCS state, we consider the turn-ON loss and parasitic
capacitance loss of the switch. The loss estimation of switch for
the converter operating in the ZCS state is given as

Psw,s = 1 fVs(is(te)ton + is(t2)tofr)

Puonas = 7 [, Rsis®dt = RsI2 .. (48)

CsV2 /[,
Pogs = =25 L
Therefore, the theoretical efficiency 7 of the proposed con-
verter can be expressed as

P,
" P,+ Pg+ Pp + Pc + Poy + Ppe

The values of the parameters of the proposed converter are
shown in Table III.

Fig. 9 depicts theoretical efficiency along with the voltage
gain of the proposed converter as a function of the duty cycle
with different turns ratio ny at Ve = 36 V, R = 300 (2. It can be
seen that the efficiency decreases with increasing turns ratio no
at a certain duty cycle. Moreover, an increase in duty cycle also
leads to a decrease in efficiency. Taking efficiency and voltage
gain into account, the optimum duty cycle range is between 0.4
and 0.6.

Fig. 10 shows the losses distribution of the components at
rated output power. The main losses come from the magnetic
components, which reaches 14.24 W, accounting for 62.76% of
the total loss. It is followed by switch and diodes with a share
of 19.53% and 13.57%, respectively. The losses of capacitors,
which are the lowest, are less than 1 W.

n x 100%.  (49)

IV. COMPARATIVE STUDY

In order to highlight the advantages of the proposed converter,
an analytical comparison is presented in this section. Table IV
compares the properties of the proposed converter with other
existing high voltage gain dc—dc converters, including voltage
gain, voltage stress of the switch, total voltage stress of diodes,
number of components, soft-switching characteristic, input cur-
rent ripple, and common ground. To ensure fairness, all com-
parisons of the converters listed in Table IV are with the same
conditions of turns ratios, as n; = 0.5, no = 2 (for converters
with three-winding coupled inductor/build-in transformer), n =
2.5 (for converters with two-winding coupled inductor/build-in
transformer).

Fig. 11 shows the voltage gain comparison of the converters.
It can be observed that the proposed converter has a medium
voltage gain among the compared converters, which is lower
than the converters in [27], [30], [31], and [32], while the
number of components is less than theirs. The converter in [30]
has a discontinuous input current and needs additional input
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Fig. 16. Experimental results of the proposed converter under ZVS condition (L, = 80 pH, P, = 300 W). (a) Waveforms of the switch S and diode D .

(b) Waveforms of diodes D3 and D3. (c) Voltages of input and output, and currents of input inductor and leakage inductance.
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Fig. 17. Experimental results of the proposed converter under ZCS condition (L, = 80 pH, P, = 500 W). (a) Waveforms of the switch S and diode D.

(b) Waveforms of diodes D and D3. (c) Voltages of input and output, and currents of input inductor and leakage inductance.
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Fig. 18.  Experimental results of the proposed converter under ZCS condition (L, = 50 pH, P, = 300 W). (a) Waveforms of the switch S and diode D.

(b) Waveforms of diodes D2 and D3. (c) Voltages of input and output, and currents of input inductor and leakage inductance.
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Fig. 19. Experimental results of the proposed converter under ZVS condition (L, = 50 puH, P, = 500 W). (a) Waveforms of the switch S and diode D;.

(b) Waveforms of diodes D3 and D3. (c) Voltages of input and output, and currents of input inductor and leakage inductance.
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Fig. 20.  Input and output voltage waveforms of the closed-loop experiment.
(a) Input voltage changes from 36 V to 48 V. (b) Input voltage changes from
48 V to 36 V. (c) Load changes from 320 €2 to 500 €2. (d) Load changes from
500 2 to 320 €.

filtering to fulfill the continuous input current. Furthermore, the
normalized voltage across the switch is compared in Fig. 12. It
can be seen that the voltage stress on the switch of the proposed
converter is at a low level. Therefore, MOSFET with lower rated
voltages can be selected to improve efficiency and reduce costs of
the converter. In addition, the soft-switching characteristic of the
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proposed converter and the small number of components further
reduce the power losses. The theoretical efficiency comparison
of the converters is depicted in Fig. 13. The proposed converter
has the highest efficiency in operation above 200 W among the
competitors. Fig. 14 illustrates the power loss distribution of
the converters. From Fig. 14, the power losses of the proposed
converter are at a low level when operating at 500 W.

The comparison results show that the introduced converter
possesses advantages of low switch voltage stresses and low
number of components. Thus, MOSFETS with lower rated volt-
ages can be chosen to reduce costs. And the soft-switching
characteristics provides an improvement in efficiency.

V. EXPERIMENTAL RESULTS

In order to verify the validity of the theoretical analysis of
the converter, an experimental prototype rated at 500 W is
constructed in laboratory, as shown in Fig. 15. The parameters
of the converter are shown in Table I.

First, the proposed converter is tested with D = 0.55, L,
= 80 pH, and P, = 300 W, and the results are illustrated in
Fig. 16. Fig. 16(a) shows the waveforms of the switch S and
diode Dq. The current of switch S rises from zero and varies
as a sinusoidal waveform after the switch voltage drops to zero.
Thus, the switch S achieves ZVS and QR turn-ON. The current of
diode D; drops to zero linearly before Dy turns OFF. Therefore,
D1 can be considered to turn OFF with ZCS. Because of the
clamp of capacitor C,3, the voltage stresses of switch S and
diode Dy are both about 77 V, which are closed to the theoretical
value of 80 V. Fig. 16(b) shows the waveforms of the diodes
D5 and D3. As it can be seen, the currents of Dy and D3 both
decrease to zero naturally before turning OFF. Hence, ZCS turn-
OFF are also achieved for D2 and D3, which helps to reduce the
reverse recovery loss of diodes. The input and output voltages
of the proposed converter are illustrated in Fig. 16(c). With an
input of 36 V and a duty cycle of 0.55, the output voltage reaches
about 380 V. The voltage gain is about 10.56, which is slightly
lower than the theoretical value of 11.11. This is a result of the
parasitic parameters in the converter. The currents i,; and iy are
also shown in Fig. 16(c). The input current ripple is about 30%
at the output power is 300 W. At the moment of the switch-OFF,
the values of i1,; and ir are about 10.2 A and 8.4 A.

Then, the proposed converter is tested with D = 0.55, L,, =
80 1H, and P, = 500 W, and the results are illustrated in Fig. 17.
Because the load becomes heavy, the current through diode Do
has not dropped to zero by the time the switch receives a gate
signal. The switch S conduct under ZCS-ON condition due to
the leakage inductance Li.. However, as shown in Fig. 17(a) and
(b), all diodes can also achieve ZCS turn-OFF under this test
condition. To ensure that the output voltage is about 380 V,
the input voltage under this test condition is 38 V and the
input current ripple is now about 27%, as shown in Fig. 17(c).
This is because the actual inductance value decreases as the dc
component of the inductor current increases.

In order to verify that the proposed converter is able to achieve
ZVS-0N at different loads by designing proper parameters, the
converter is tested with D = 0.55, L,, = 50 pH. Figs. 18 and
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19 show the results operating at 300 W and operating at 500 W,
respectively. According to Figs. 18 and 19, we can see that by
only changing the value of L,,, the converter is able to achieve
ZVS turn-ON at 500 W. In this test condition, the converter
enters in TW-ZCM mode when operating at 300 W, and the
switch achieve ZCS turn-ON. Due to the TW-ZCM operation,
the voltage gain is higher than in TW-CCM operation. To ensure
that the output voltage is about 380 V, the input voltage under
this condition is about 30 V. From Figs. 16, 17, 18, and 19, all
waveforms match the theory analysis very well.

Fig. 20 shows the closed-loop experimental waveforms of
the converter. Fig. 20(a) shows the waveform when the input is
switched from 36 V to 48 V. Fig. 20(b) shows the waveform
when the input is switched from 48 V to 36 V. Fig. 20(c) shows
the waveform when the load is switched from 320 €2 to 500 2.
Fig. 20(d) shows the waveform when the load is switched from
500 © to 320 2. From the view of power supply disturbance
and load disturbance response, the proposed converter has better
dynamic response and antidisturbance characteristics.

Moreover, the experimental and theoretical efficiency of the
proposed converter as a function of output power P, are depicted
in Fig. 21. The efficiency reaches 95.44% at 300 W and the
efficiency at rated power is 94.16%.

VI. CONCLUSION

This article has presented a new single-switch high step-up
dc—dc converter for renewable energy system application. It pro-
vides high voltage gain, continuous input current with low ripple,
low voltage stresses on switch, and output capacitors. The low
number of components gives the converter a simple structure,
low cost, and high efficiency. In addition, the converter realizes
ZVS turn-ON of the switch and ZCS turn-OFF of the diodes
around the rated load without adding any other components,
which improves the EMC and efficiency.

A detailed theoretical analysis of soft-switching of proposed
converter is presented in this article. Finally, a prototype with a
rated power of 500 W is constructed, and the experimental results
show that the converter achieves soft-switching turn-ON by
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designing appropriate elements’ parameters without adding any
other components, which fully utilized the parasitic parameters
and made the converter as simple as possible.
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