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Nonisolated ZVZCS Resonant PWM DC-DC
Converter for High Step-Up and High-Power
Applications
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Abstract—The demand for nonisolated high step-up dc—dc con-
verters in applications such as dc backup energy systems for UPS,
photovoltaic and fuel cell systems, and hybrid electric vehicles
has been gradually increasing. This paper proposes nonisolated
step-up dc—dc converters with an improved switching method. The
proposed converter shows zero-voltage switching turn-on of the
switches in continuous conduction mode as well as reduced turn-
off switching losses owing to the switching method that utilizes
L,—C, resonance in the auxiliary circuit. Also, as a result of the
proposed switching method, the switching losses associated with
diode reverse recovery become negligible even in the small duty cy-
cle. The capacitance in the auxiliary circuit is significantly reduced
compared to the pulsewidth modulation method. The duty cycle
loss is further reduced resulting in increased step-up ratio. Exper-
imental results from a 2-kW prototype of a two-phase interleaved
version are also provided to validate the proposed concept.

Index Terms—High step-up, high-voltage gain, nonisolated,
soft-switched.

I. INTRODUCTION

HE demand for nonisolated high step-up dc—dc convert-
T ers has been gradually increasing in accordance with the
growth in dc backup energy systems for uninterruptible power
system (UPS), photovoltaic systems, fuel cell systems, and hy-
brid electric vehicles. Since the general boost converter should
operate at high duty cycle in order to achieve high-output volt-
age, the rectifier diode must sustain a short pulse current with
high amplitude, resulting in severe reverse recovery as well
as high electromagnetic interference problems. Also, as out-
put voltage is increased, the switch voltage rating is increased,
which increases the dominating conduction loss. Moreover, a
high duty cycle may lead to poor dynamic responses to line and
load variations.
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Various types of nonisolated high step-up dc—dc converters
have been presented to overcome the aforementioned problem.
Converters with coupled inductors [1]-[5] can provide high-
output voltage without using high duty cycle and yet reduce
the switch-voltage stress. The reverse recovery problem associ-
ated with rectifier diode is also alleviated. However, they have
large input current ripple and are not suitable for high-power
applications since the capacity of the magnetic core is con-
siderable. The switched-capacitor converter [6]-[10] does not
employ an inductor making it feasible to achieve high-power
density. However, the efficiency could be reduced to allow out-
put voltage regulation. The major drawback of theses topologies
is that attainable voltage gains and power levels without degrad-
ing system performances are restricted.

Most of the coupled-inductor and switched-capacitor con-
verters are hard-switched and, therefore, they are not suit-
able for high efficiency and high-power applications. Some
soft-switched interleaved high step-up converter topologies
[11]-[18] have been proposed to achieve high efficiency at
desired level of volume and power level. Among them, the
soft-switched continuous conduction mode (CCM) boost con-
verter [14] demonstrated reduced voltage stresses of switches
and diodes and zero-voltage switching (ZVS) turn-on of the
switches in CCM and zero-current switching (ZCS) turn-off of
the diodes. However, a drawback of this pulsewidth modulation
(PWM) converter is high turn-off switch losses.

In this paper, an improved switching method, called reso-
nant PWM (RPWM) is proposed for the soft-switched CCM
boost converter in order to reduce the turn-off switching losses.
Since the RPWM is performed by utilizing L,—C, resonance
in the auxiliary circuit, the capacitance is significantly reduced.
Also, because of the proposed RPWM operation, the switching
losses associated with diode reverse recovery become negligible
even in the small duty cycle and the duty cycle loss is further
reduced resulting in increased step-up ratio. The operating prin-
ciples along with a design example of the proposed converter
are described. Experimental results from a 2-kW prototype of a
two-phase interleaved version are also provided to validate the
proposed concept.

II. OPERATING PRINCIPLES OF THE PROPOSED CONVERTER

Fig. 1 shows the circuit diagram of the proposed converter
which has the same circuit topology as the PWM method pro-
posed in [14]. The proposed converter consists of a general
boost converter as the main circuit and an auxiliary circuit which
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Fig. 1. Proposed ZVZCS RPWM dc—-dc converter.

includes capacitor C,, inductor L, , and two diodes Dy, and Dy;.
Two switches are operated with asymmetrical complementary
switching to regulate the output voltage. Owing to the auxiliary
circuit, not only output voltage is raised but ZVS turn-on of two
switches can naturally be achieved in CCM by using energy
stored in filter inductor L; and auxiliary inductor L,. Unlike
PWM method [14] in which the switches are turned OFF with
high peak current, the proposed converter utilizes L,—C, reso-
nance of auxiliary circuit, thereby reducing the turn-off current
of switches. Furthermore, for resonance operation, the capaci-
tance of C, is reduced by at least 20-fold, resulting in reduced
volume. Also, switching losses associated with diode-reverse
recovery of the proposed RPWM converter are significantly
reduced.

A. PWM Method Versus RPWM Method

Fig. 2 shows the current waveforms of lower switch S; and
lower diode Dy, of the converter illustrating the effectiveness of
the proposed RPWM. As shown in Fig. 2, Irpww off, sWitch
turn-off current of the proposed RPWM method, is smaller than
Ipw o, switch turn-off current of PWM method which is the
sum of input inductor current iz, y and auxiliary inductor current
ir,» at turn off instant. In fact, Irpwni o 1S the same as the
turn-off current of the general boost converter. For the proposed
RPWM operation, resonant capacitor C,. is reduced by at least
20-fold compared to the auxiliary capacitor of the PWM oper-
ation which should be large enough to act as a voltage source.
Furthermore, the turn-off losses associated with diode reverse
recovery of the proposed RPWM converter are negligible while
that of the PWM method could be somewhat considerable, espe-
cially at operation with small duty, due to high turn-off current
and di/dt, as shown in Fig. 2.

B. Above-Resonance Operation Versus Below-Resonance
Operation

Fig. 3 shows the two resonance operations according to the
variations of resonant frequency f, (1/T,) which is expressed as
in (1): the below-resonance operation (2f, > f;/D.g), and the
above-resonance operation (2f, < fs/D.g)

1
- on/L,C,’

It can be seen from Fig. 3 that the below-resonance operation
has advantages over the above-resonance operation. First, the
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Fig. 2. Comparison of switch and diode current waveforms of two methods
(C, variation).
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Fig. 3.  Comparison of switch and diode current waveforms of two reso-
nance operations (f; variation). (a) Below-resonance operation (7}, < 2D.g T ).
(b) Above-resonance operation (T > 2Dqg T).

total switching losses are smaller for the below-resonance op-
eration since both switch turn-off current and diode di/dt are
smaller. Second, duty loss D; of the below-resonance operation
is smaller than duty loss D;+Ds of the above-resonance op-
eration, as shown in Fig. 3. The below-resonance operation is
chosen for the proposed RPWM method. For below-resonance
operation, half of the resonant period (#;—#2) should be shorter
than D.g T, (t1—t3). Therefore, the resonant frequency can be
determined by

fs
2D,

fr> 2)

where D.g is effective duty cycle D-D; considering the duty
loss.
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Fig. 4. Key waveforms of the proposed RPWM converter.

C. Operating Modes

The operating modes and key waveforms of the proposed
converter are shown in Figs. 4 and 5. In the below-resonance
operation, five modes exist within 7.

Mode 1 (ty — t1): This mode begins when upper switch Sy
which was carrying the current of difference between iy, ; and
iz, is turned OFF. Sy can be turned ON with ZVS if gate signal
for Sy, is applied before the current direction of Sy, is reversed.
Filter inductor current ir; and auxiliary current iy, starts to
linearly increase and decrease, respectively, as follows

. Vi ‘

irs(t) = E(t —to) +iry(to) 3)
. Ve r,min Vvo .

ZLr(t): C’T(t—to)—i-ZLr(t()). (4)

This mode ends when decreasing current iy, changes its direc-
tion of flow. Then Dy is turned OFF under ZCS condition.
Mode 2 (t;—t2): This mode begins with L,—C, resonance
of the auxiliary circuit. Fig. 6(a) shows equivalent circuit of
this resonant mode. Current iy s is still linearly increasing. The
voltage and current of resonant components are determined,
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respectively, as follows:

Via .
ine(t) = —ic (t) = 72 sin (w, (£ — £1)) (5)

vor (t) = Vi [cos (wr(t — 1)) — 1] +ver (t1) 6)

where ‘/7“‘2 :VC'r'.lnin - V017 Z = Lr/Cr7 and Wy =
1/v/L,C,. This resonance mode ends when iy, reaches to
zero. Note that Dy, is turned OFF under ZCS condition.

Mode 3 (ty—t3): There is no current path through the auxiliary
circuit during this mode. Output capacitors supply the load. At
the end of this mode the turn-off signal of Sy is applied. It is
noted that the turn-off current of Sz, /sy, of is limited to filter
inductor current at f3, I, f ;max, Which is much smaller than that
of PWM method.

Mode 4 (t3—t5): This mode begins when lower switch Sy, is
turned OFF. Sy can be turned ON with ZVS if gate signal for S
is applied before the current direction of Sy is reversed. Filter
inductor current i, ; starts to linearly decrease since voltage vz,
becomes negative

Vi—Veu

ipf(t) = —F—(t—ts) +irs(ts). @)

f
Like Mode 2, the other L,—C, resonance of auxiliary circuit is
started, and Dy; starts conducting. Equivalent circuit of resonant
mode is shown in Fig. 6(b). The voltage and current of resonant

components are determined, respectively, as follows:

i (1) = —icy (t) = % sin (w, (t — t3)) )
ver(t) = Vi [eos (wy (t —t3)) — 1] +ver(t3) (9

where ‘/;,4 :VCT,max _VC'27 Z = \V4 LI‘/CT7 and w, =
1/\/L,C;.

This mode ends when iz, is equal to iz, .

Mode 5 (t4—t5): After iy, equals iy r, igy changes its direc-
tion, then this mode begins. At the end of this mode, turn-off

signal of Sy is applied and this mode ends.

D. Voltage Conversion Ratio

To obtain the voltage gain of the proposed converter, it is
assumed that the voltage across C; and C9 are constant during
the switching period T's. The output voltage is given by

Vo =Ver + Vea. (10)
It can also be expressed as
2 2
V, = Vi, = Vi— AV 11
1— Dy 1-D (D

where effective duty D.g and voltage drop AV are expressed
using duty loss AD

Do = D — AD
29ADYV
(1 =D)(1 = Degr)’

(12)

AV = (13)
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From (10), (11), and (14), V2 can be expressed as
1 !
Vog = ——=V, — AV. (15) =i

1-D

In the steady state, the average load current equals the average
current of diodes D, and Dy . Since iy, flows through the Dy,
during mode 2, the average load current can be obtained as

follows:
Vo |2 (¢ s
I av — = — |/~ r,min — VC1)™ ~— 7‘t -dt
DL,a Ro Ts /0 (VC , VCl) \/E bln(w )

(16)

From (16), Vo min and Vo, max of capacitor voltage Ve,
can be approximated by

V,

Vrrmin ~ Vi B aa——— 17
cr, LT SE R, (17)
Vo
Ve r,max %V . 18
Cr,ma Cl+2CrRofs (18)

1) Below-resonance operation (D > fs/2f,):
In this mode, the duty loss is the same as D, as shown
in Fig. 7(a). The steady-state inductor voltage equation on
inductor L, during DT gives

\/ Cr/LT(VCr max VC?)
Vo =L, 1 .
DlT@

VCr,min - (19)

©

Fig. 7. Three modes according to operating duty ratio. (a) Below-resonance
operation with D > f;/2f,. (b) Above-resonance operation with 1—(fs/2f,)
< D < fs/2f, . (c) Above-resonance operation with D < 1—(f5/2f,).

From (17), (18), and (19), the duty loss can be obtained
by

(1 — D)(fS/wr) sin ((1 — D)wr/fs).

AD =D, =
! 2Cr'R()fs (Vf/‘/o) + (1 - D)

(20)

From (11) and (20), the voltage gain in this mode can be
obtained by

D/(1 = A) +/[D'(A - D) +44D(D' + B)

M =
D'(D' + B)

21
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where

D'=1-D,A=C,R,f, and B= <ﬂ>m<%%>

wy s

2) Above-resonance

(fs/2fr)):
In this mode, the duty loss is D1 +D- as shown in Fig. 7(b).
In a similar way, the duty loss can be obtained as follows:

AD = D, + D,

_ 2(1 = D)(fs/wy)sin (w, /2f5) cos (D — 0.5)w, / f5)

operation

(1 - (fs/er) <D<

(22)

From (11) and (22), the voltage gain of this mode can be
obtained by

(1-A)+/[D(A-
M=
D/( l)'4—(7)

1> + 4AD'(D’ + C)

(23)

Wy ) cos ((D - O.5)w,>)
2fs fs '

3) Above-resonance operation (D <1 — (fs/2f,)):
In this mode, the duty loss is D2, as shown in Fig. 7(c). In
a similar way, the duty loss can be obtained as follows:

(1 B D)(fb/wr) sin (Dwr/fs)
20 Ry fs (Vi/Vy) + (1= D)

From (11) and (24), the voltage gain of this mode can be
obtained by

1%1—Ay+¢uMA 1)]> + 4AD'(D' + E)
B D'(D' +E)

B ﬁ : (Dwr)
fs
From (21), (23), and (25), the voltage gain of the converter
using the proposed RPWM method is drawn in Fig. 8 as a func-
tion of duty ratio D. Compared to the PWM method proposed

in [14], the voltage gain of the proposed RPWM is increased by
10-30% according to operating duty.

where

C’—2£51 (

Wr

AD =D, = 24)

(25)
where

E. ZVS Characteristic for Switches

As shown in Fig. 4, ZVS of the lower switch is achieved when
the upper switch is turned OFF at ;. The ZVS current of lower
switch /sy, 7vs is determined by the difference between i y and
ir, at ty, as follows:

ISL,ZVS = ILr,+pk - ILf,min

Ly [Vilow, Ty sin (w, (1 — D)T}) — 2P,] + DT, V;?
B 2V, L;

. (26)

The ZVS of the upper switch is achieved when the lower
switch is turned OFF at 3. The ZVS current of upper switch
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Fig. 8.  Voltage gain of the proposed converter (V; =70V, L, = 6 uH, f; =

50kHz, and R, = 72 Q).

Isu zvs is the peak of if f, as follows:

ISU,ZVS = ILf,max
2P, L DT, V2
_ 2ol DLV 27)
2ViLy
To ensure ZVS turn-on of lower switch Sy, the following
condition should be satisfied:

v 2
1-D
(28)
where Cos, 1, and Cog p are the output capacitance of lower and
upper switches, respectively.
To ensure ZVS turn-on of upper switch S, the following
condition should be satisfied:

1 1
§Lr (ILT‘,erk - -I-Lf,min)2 > §(COS,L + COS.,U) (

1 1 v 2
§Lf1%f,max i(cos L +Cosv) <1_LD) .9

In fact, the condition of (29) can easily be satisfied, and there-
fore, ZVS of upper switch can be achieved over the whole load
range. On the other hand, the condition of (28) may not be sat-
isfied under the conditions of small auxiliary inductor L, and/or
large filter inductor L.

Using (26)—(29), the ZVS currents and ZVS ranges of lower
and upper switches as the function of output power and input
voltage are plotted, respectively, as shown in Fig. 9. As shown in
Fig. 9(a), the ZVS current of the lower switch tends to decrease
as the output power increases. This means that the ZVS turn-
on of the lower switch can be more easily achieved under the
condition of smaller output power. The ZVS range of the lower
switch becomes broader for smaller total output capacitance
Cos.tot = Cos.z + Cos,y of MOSFETS. On the other hand,
the ZVS current of the upper switch tends to increase as the
output power increases. It should be noted from Fig. 9(b) that
the ZVS turn-on of the upper switch can be achieved in the
overall output power and input voltage.
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Fig. 9. ZVS currents and ZVS ranges of lower and upper switches as the
function of the output power and input voltage. (a) Lower switches. (b) Upper
switches (V, = 380V, P,:100 W-2kW, L, = 6 pH, C, = 2.7 uF, and f; =
50kHz).

III. DESIGN OF THE PROPOSED CONVERTER

The generalized scheme of the proposed converter has been
shown in [15], where it is configured with proper numbers of
series and parallel connected basic cells. This leads to flexibility
in device selection resulting in high-component availability and
easy thermal distribution. A specification for a design example
in this paper is given as follows and the chosen circuit topology
for the specification is shown in Fig. 10

P, =2kW, V, =380V, V; =70V
£, = 50kHz, AL, = 30%, AV, = 5%.

A. Design of Ly

Considering input current ripple Al;,, input inductor Ly is
determined by
D- Vin

—— =50 uH.
AIin : ,fs a

1
Ly=3- (30)

3573
S””-'g}s”’dg} Du.g Du:g
Ly, s C. L.
—"— [ T
C. L., of -
M\ 1L YY1\ Al ¥ o
il o
DL,I‘: DL,Z‘:
V; SL,)J" SL,zJ"
Ci=

Fig. 10.  Circuit diagram of the proposed converter with N = 1 and P = 2.

TABLE I
COMPARISON OF PERFORMANCE OF THE PROPOSED RPWM METHOD
AND THE PWM METHOD (P, = 2kW, V; =70V, V, = 380V, f; = 50kHz,
N=1,AND P=2)

PWM Method Proposed
in [14] RPWM Method
Operating duty cycle 0.648 0.638
Vok 4x199V 4x193V
/ 2x7.3A 2x6.5A
rms
Switches 2x15.9A 2x15.3A
Soft switching ZVS ON ZVS ON
2x8.9A 2x3.5A
Turn-off current 2%31 54 2%232A
Vok 4x183V 4x188V
Diodes Loy 4x2.63A 4x2.63A
) 2%32.5A/us 2x4A/us
difet 2x31.2A/us 2x23A/us
Input Inductance 2x50uH 2x50uH
Inductor Lo 2x153A 2x15.3A
Auxiliary Inductance 2x6uH 2x6uH
Inductor . 246,324 2%6.07A
Capacitance 2x60uF 2x2.7uF
Auxiliary Vok 2195V 2x204V
Capacitor
Lims 2x6.32A 2x6.07A

B. Design of f,

As mentioned in Section II, due to smaller switch turn-off
current and duty loss, the below-resonance operation is chosen,
and the resonant frequency f, can be obtained from (2) and (11)
f > 40kHz.

C. Design of L, and C,

In order to satisfy the ZVS condition, L, is determined from
(28) and (29) by L, > 6 pH. From (1), C, is determined by C,
< 2.7 uF

In order to perform a comparison of the proposed RPWM
method to the PWM method, the converters have been designed
according to the aforementioned specifications and the results
are listed in Table I. The improvement of the proposed RPWM
method compared to PWM method are summarized as follows.
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(c) (d)

Experimental waveforms of PWM Method. (a) Voltage and current waveforms of lower switch Sy, 1. (b) Voltage and current waveforms of upper switch

Sy, 1. (¢) Voltage and current waveforms of lower diode Dy, 1. (d) Voltage and current waveforms of upper diode Dyy 1.
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(c) (d)

Experimental waveforms of RPWM Method. (a) Voltage and current waveforms of lower switch Sz 1. (b) Voltage and current waveforms of upper

switch Sy 1. (c) Voltage and current waveforms of lower diode Dy, 1. (d) Voltage and current waveforms of upper diode Dy 1.

1) Due to the reduced operating duty, the rms current ratings
of the switches are reduced by 5-15%, resulting in reduced
conduction losses.

2) Due to the resonant operation, the turn-off current of
switches are reduced by 25-60% and falling slopes of
the diode current are reduced, resulting in significantly
reduced switching losses.

3) The required capacitance of auxiliary capacitor is dramat-
ically reduced to 1/20th, resulting in reduced volume and
cost.

IV. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed converter, a
2-kW prototype of the proposed converter is designed with the
specifications used in Section III. Input filter inductor L; and
auxiliary resonant inductor L, are 50 and 6 pH, respectively.
The designed values of auxiliary capacitor C, 1 is 2.7 pF 200V,
respectively. An off-the-shelf film capacitor of 2.2 yF 220V was
used for the auxiliary capacitor and a film capacitor of 30 uF
250V was used for the output capacitor. Both lower and upper
switches are implemented with APT75M50B2 (500 V, 75 A, and
75 m§2) MOSFET. Fast recovery diodes of STTH8R04D (400 V,
8 A, and 25 ns) are used for all rectifier diodes.

Figs. 11 and 12 show the experimental waveforms at full load
condition. Fig. 12(a) and (b) shows that both lower switch Sy, 4
and upper switch Si7 1 are being turned ON with ZVS. Fig. 12(c)
and (d) shows that diodes Dy ; and Dy ; are being turned ON
and OFF with ZCS.

The measured efficiency is shown in Fig. 13. The efficiency
was measured by YOKOGAWA WT3000. The maximum effi-
ciency of RPWM method is 95.3% at 1400 W load. The maxi-
mum efficiency of PWM method is 94.3% at 1200 W load. The
efficiency of the proposed RPWM method is approximately
1% higher than that of the PWM method in most of the out-

\

=4— RPWM Method (C,=2.TuF)

Efficienty (%)
b+

89 /
/ =8~ PWM Method (C,=60uF)
87
[
85 T T T T T T T T T 1
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Fig. 13.  Comparison of the measured efficiency.
Fig. 14.  Photograph of the proposed converter prototype.

put power region. The efficiency improvement of the proposed
RPWM method would be more significant in higher power con-
verter. Both switch turn-off current and diode di/dt of the PWM
method tend to increase as the output power increases. On the
other hand, the switch turn-off current of the proposed RPWM
method is limited to filter inductor current, and diodes always
operate under ZCS condition despite the fact that the output
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power increases. Fig. 14 shows the photograph of the proposed
converter.

V. CONCLUSION

In this paper, an RPWM switching method has been proposed
for the high step-up soft-switching dc—dc converter. The follow-
ing improvements over the PWM method have been achieved:
1) The turn-off losses of the switch are significantly reduced
due to reduced turn-off current. 2) The auxiliary capacitor is
reduced by 20-fold. 3) The switching losses associated with
diode-reverse recovery become negligible even in the small
duty cycle. 4) The duty cycle loss is much reduced resulting
in increased step-up ratio. Experimental results from a 2-kW
prototype demonstrated approximately 1% efficiency improve-
ment of the proposed switching method.
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