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High Step-Up Soft-Switched Converters Using
Voltage Multiplier Cells

Sanghyuk Lee, Pyosoo Kim, and Sewan Choi, Senior Member, IEEE

Abstract—In this paper, a soft-switched dc–dc converter using
voltage multiplier cells is proposed for high-step up application.
The proposed converter has the following advantages: 1) doubled
voltage conversion ratio of the basic configuration (N = 1) com-
pared to the conventional boost converter; 2) zero voltage switching
turn ON of switches and zero current switching turn OFF of diodes;
3) low input current ripple, reduced size of the passive component
and current stresses of switches due to interleaved structure, and
4) increased flexibility in device selection by adjusting the number
of voltage multiplier cells. The proposed converter is compared to
some high step-up converters. Experimental results from a 1-kW
prototype are provided to validate the proposed concept.

Index Terms—Active-clamping, high step-up, interleaved, soft
switched, voltage multiplier cell.

I. INTRODUCTION

R ECENTLY, nonisolated high step-up dc–dc converters are
used in many applications, such as high-intensity dis-

charge lamp for automotives, dc back-up energy systems for
UPS, renewable energy systems, fuel cell systems, and hybrid
electric vehicles. In order to provide high output voltage, the
classical boost converter should operate at extreme duty cycle,
and hence the rectifier diode must sustain a short pulse current
with high amplitude. This results in severe reverse recovery as
well as high electromagnetic interference problems. Using ex-
treme duty cycle may also lead to poor dynamic responses to
line and load variations. Moreover, the input current in these
high step-up applications is usually large, but low-voltage-rated
MOSFETs with small RDS(ON) may not be selected since volt-
age rating of the switch is the same as the high output voltage
in the boost converter.

High step-up converters with coupled inductors [1]–[7] can
provide high output voltage without using extreme duty cycle
and yet reduce the switch voltage stress. The reverse recovery
problem associated with rectifier diodes is also alleviated. How-
ever, some topologies suffer from losses associated with leakage
energy of the coupled inductor. Also, most of the converters with
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a coupling inductor have large input current ripple due to the
operation of the coupling inductor.

The switched-capacitor converter [8], [9] does not employ
any inductor making it feasible to achieve high power density.
However, the efficiency could be reduced to perform output
voltage regulation. A major drawback of theses topologies is
that attainable voltage gain and power level without degrading
system performances are restricted. An effective way of extend-
ing these schemes to achieve higher voltage gain or power level
has not been discussed.

A single-switch converter with multiplier cells was proposed
to attain high output voltage by adding multiplier cells, but cur-
rent stress of the switch is not trivial to get higher power. It
has been demonstrated that the interleaved technique provides
the advantages of handling high current and reducing passive
component size [10] and [11]. An interleaved converter with
voltage doubler characteristic [12] can have low input current
ripple and reduced switch current stresses due to interleaved
operation; however, extending the scheme to achieve higher
voltage gain has not been discussed. An interleaved converter
with voltage multiplier cells [13] has been proposed to pro-
vide higher voltage gain. A modified SEPIC converter with
high-voltage gain has been proposed in [14]. It uses only sin-
gle switch with reduced voltage rating, and obtains very high
voltage gain with small number of components. These schemes
are based on the hard-switching operation, and therefore, the
switching frequency is limited. Recently, soft-switched inter-
leaved high step-up converters [15]–[19] have been proposed.
They are basically operated with zero voltage switching (ZVS)
or zero current switching (ZCS) turn ON of switches and do
not require additional snubber circuits to clamp voltage spikes
associated with magnetic components.

In this paper, an active clamped dc–dc converter is proposed
for high step-up applications where the active clamping circuit
is able to achieve ZVS turn ON of switches and ZCS turn OFF
of diodes as well as clamp the voltage spikes caused by parasitic
inductance. Analysis of the inclusion of the active clamping to
obtain soft commutation and voltage clamping is carried out.
The voltage multiplier cells of the proposed converter can be in-
creased to get high output voltage and/or reduce voltage stresses
of components, which results in increased flexibility in device
selection.

II. PROPOSED HIGH STEP-UP SOFT-SWITCHED CONVERTER

A. Operating Principles

Fig. 1 shows the generalized circuit configuration of
the proposed high step-up converter which consists of two

0885-8993/$31.00 © 2012 IEEE
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Fig. 1. Proposed high step-up soft-switched converter.

inductor-switch legs, an active clamp circuit, an auxiliary ca-
pacitor and inductor, and voltage multipliers. The number N
denotes number of voltage multipliers where each multiplier
is composed of two diodes and two capacitors. The number N
should be chosen properly considering the required voltage gain
and voltage ratings of the diodes and capacitors. Owing to the
operation of the clamp switch the duty cycle of the converter can
be extended to the range between 0 and 1. The active clamp-
ing operation helps not only clamp the voltage spikes caused
by parasitic inductance in the circuit layout, but also achieve
ZVS turn ON of switches and ZCS turn OFF of diodes. The key
waveforms and operating states of the proposed converter with
N = 1 are shown in Figs. 2–5. The proposed converter operates
under two different regions according to the duty cycle: D < 0.5
and D > 0.5. The operating modes of the proposed converter
are analyzed based on the two regions.

1) Operation in D < 0.5: Fig. 2 shows key waveforms of the
proposed converter in the case of D < 0.5. The operation
states of the proposed converter are shown in Fig. 3.

Mode 1 [t0–t1]: main switch SM1 is turned ON at t0 ,
and current on input filter inductor L1 starts linearly
increasing. The voltage across auxiliary inductor LA

can be obtained by VLA = − VC C + VC A .
Since voltage VLA becomes negative values, it leads to
the conduction of diode D1 and the current on auxiliary
inductor LA starts increasing in the direction shown in
the equivalent circuit. Switch SM1 carries the current
on both filter inductor L1 and auxiliary inductor LA .

Mode 2 [t1–t2]: main switch SM1 is turned OFF at time t1 ,
and the current through main switch SM1 is commutated
to the body diode of the clamp switch SC1 . The gating
signal for SC1 is applied during this mode, and SC1 is
turned ON under ZVS conditions. The voltage across
auxiliary inductor LA becomes equal to VC A which is
large positive value leading to fast decrease of current
iLA . This mode ends when current iLA reaches 0 A. It is
noted that diode D1 is turned OFF under ZCS condition.

Fig. 2. Key waveforms of the proposed converter with N = 1 (D < 0.5).

Fig. 3. Operating states of the proposed converter with N = 1 (D < 0.5).

Mode 3 [t2–t3]: the output capacitor supplies the load
during this mode. Clamp switch SC2 is turned OFF,
and the current iL2 is commutated to the body diode
of the clamp switch SC2 . It is noted that SC2 is turned
OFF under ZVS conditions. This mode ends when main
switch SM2 is turn ON at t3 . The other half of a cycle
is repeated in the same fashion.



LEE et al.: HIGH STEP-UP SOFT-SWITCHED CONVERTERS USING VOLTAGE MULTIPLIER CELLS 3381

Fig. 4. Key waveforms of the proposed converter with N = 1 (D > 0.5).

2) Operation in D > 0.5: Fig. 4 shows key waveforms of the
proposed converter in the case of D > 0.5. The operation
states of the proposed converter are shown in Fig. 5.

Mode 1 [t0–t1]: main switches SM1 and SM2 are conduct-
ing linearly increasing filter inductor currents iL1 and
iL2 , respectively. The output capacitor supplies the load
during this mode.

Mode 2 [t1–t2]: main switch SM2 is turned OFF at t1 ,
and the current through main switch SM2 is commu-
tated to the body diode of the clamp switch SC2 . The
gating signal for SC2 is applied during this mode, and
SC2 is turned ON under ZVS conditions. The voltage
across auxiliary inductor LA can be obtained by VLA =
−VC C + VC A .
Since voltage VLA becomes negative values, it leads to
the conduction of diode D1 and current iLA starts in-
creasing in the direction shown in the equivalent circuit.

Mode 3 [t2–t3]: at the instant when current iLA becomes
larger than current iL2 , the current through SC2 changes
its direction. Current iLA keeps linearly increasing.

Mode 4 [t3–t4]: clamp switch SC2 is turned OFF at time t3 ,
and the current through SC2 is commutated to the body
diode of the main switch SM2 . The gating signal for SM2
is applied during this mode, and SM2 is turned ON under
ZVS conditions. The voltage across auxiliary inductor
LA becomes equal to VC A which is large positive value
leading to fast decrease of current iLA . This mode ends
when current iLA reaches 0 A. It is noted that diode D1

Fig. 5. Operating states of the proposed converter with N = 1 (D > 0.5).

TABLE I
SWITCHING CHARACTERISTICS OF MOSFETS AND DIODES BASED

ON DUTY CYCLE

is turned OFF under ZCS condition. The other half of a
cycle is repeated in the same fashion.

It can be seen from Fig. 4 that both main and clamp switches
are turned ON with ZVS while they are hard-switched at turn-
ing off. However, the hard-switched turn-off should not be a
problem since the voltage rating of the main switches can be
designed low enough even though the output voltage is high.
This is because the voltage rating of the switches is determined
by the input voltage, duty cycle, and number of voltage multi-
plying cells N , not directly by the output voltage. For the whole
duty cycle range, the diodes are turned OFF with ZCS leading
to negligible surge caused by the diode reverse recovery charac-
teristic. The switching characteristics of the switching devices
based on the duty cycle are summarized in Table I. For this
high-step application, it is recommended that the duty cycle be
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designed to be operated greater than 0.5 so that the switching
losses of MOSFETs can be minimized.

B. Voltage Gain Expression

The initial development of the voltage gain expression is
considered for N = 1. It is assumed that the voltage across CC

and CA are constant during the switching period of T . From the
volt-second balance equation for inductor L1 or L2 , the voltage
across the clamp capacitor VC C becomes

VC C =
1

1 − D
Vi. (1)

Applying the volt-second balance equation to auxiliary in-
ductor LA the voltage across the auxiliary capacitor VC A is
obtained by

VC A =
1
2
VO . (2)

As Figs. 2 and 4 illustrate, the parameter ΔD can be in-
troduced to represent the amount of time it takes the inductor
current iLA to travel from its peak value to its zero crossing.
For D < 0.5, this is defined as ΔD = (t2−t1)/T in Fig. 2. For
D > 0.5, this is defined as ΔD = (t4–t3)/T in Fig. 4. Using
this parameter and applying the volt-second balance equation to
auxiliary inductor LA between t1 and t4 results in

VC A

VC C
=

1 − D

1 − (D − ΔD)
. (3)

From (1)–(3), the voltage gain can be expressed as

VO

Vi
=

2
1 − (D − ΔD)

. (4)

ΔD may cause an output voltage drop as we can see from
(4). Since the average value of the diode currents is the same as
the average value of the output current IO , the peak value of the
diode currents can be expressed as

ID1,pk = ID2,pk =
2IO

1 − (D − ΔD)
. (5)

The peak value of the diode currents can be expressed as (see
the slope of the current iLA in Fig. 4)

ID1,pk = ID2,pk =
(VC C + VC A − VO ) (1 − D) T

LA
(6)

where T (=1/fS ) is the switching period. From (1), (2), (5), and
(6), the duty cycle ΔD can be obtained by

ΔD = D − 1 +
4LAIO fS

2Vi − VO (1 − D)
. (7)

From (4) and (7), the voltage gain of the proposed converter
with N = 1 for D > 0.5 can be obtained by

VO

Vi
=

D − 1 +
√

(1 − D)2 + 16k

4k
, D > 0.5 (8)

where k = (LA ·fS )/R and R is the load resistance. In the same
way, the voltage gain of the proposed converter with N = 1 for

Fig. 6. Voltage gain of the proposed converter as a function of duty ratio D
for several N and k.

TABLE II
COMPONENTS’ VOLTAGE RATING OF THE PROPOSED CONVERTER

D < 0.5 can also be obtained by

VO

Vi
=

D(D −
√

D2 + 16k)
4k(D − 1)

, D < 0.5. (9)

Similarly, the voltage gain of the proposed converter with
N ≥ 2 can be obtained by

VO

Vi
=

N

{
(D − 1) +

√
(1 − D)2 + 8k

}

2k
, 0 < D < 1.

(10)
From (8)–(10), the voltage gain of the proposed converter is

drawn in Fig. 6 as a function of duty ratio D for several N and
k. Table II lists the voltage ratings of the components of the
proposed converter.

C. ZVS Current and ZVS Range

From Fig. 4, the average value and ripple magnitude of in-
ductors L1 and L2 can be obtained, respectively, by

IL,av =
PO

2Vi
(11)

Δ IL =
Vi

L · fS
D (12)

where L1 = L2 = L.
The peak value of the auxiliary inductor LA can also be

obtained by

ILA,pk =
VC C + VC A − VO

LA · fS
(1 − D) . (13)
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Fig. 7. ZVS currents and ZVS ranges of main switches as the function of the input voltage and output power (a) N = 1 (VO = 380 V, L = 720 μH, LA =
6.3 μH, fS = 50 kHz). (b) N = 2 (VO = 380 V, L = 120 μH, LA = 6.3 μH, fS = 50 kHz).

The ZVS current of main switches is the difference of inductor
current iL and auxiliary inductor current iLA at t7 , as shown in
Fig. 4, can be obtained by

ISM ,ZVS = ILA,pk − IL,min

=
V 2

i (2 · L+D · LA )+Vi · VO · L (D−1)−PO · L·LA ·fS

2Vi ·L·LA ·fS
.

(14)

The ZVS current of clamp switches is the peak value of
inductor current iL at t5 , as shown in Fig. 4, can be obtained by

ISC ,ZVS = IL,max =
PO · L · fS + V 2

i · D
2Vi · L · fS

(15)

To ensure the ZVS turn ON of main switches, the following
condition should be satisfied

1
2
LA · I2

SM ,ZVS >
1
2
Cos,tot

(
Vi

1 − D

)2

(16)

where Cos,tot = Cos,SM + Cos,SC and Cos,SM and Cos,SC are
output capacitances of main and clamp switches, respectively.

To ensure the ZVS turn ON of clamp switches, the following
condition should be satisfied

1
2
L · I2

SC ,ZVS >
1
2
Cos,tot

(
Vi

1 − D

)2

(17)

In fact, the condition of (17) can easily be satisfied, and
therefore ZVS of clamp switches can be achieved over the whole

load range. Using (14) and (16), the ZVS currents and ZVS
ranges of main switches as the function of input voltage and
output power are plotted in Fig. 7. The ZVS current of the main
switch tends to increase as the output power increases. This
means that the ZVS turn ON of the main switch can be more
easily achieved under the condition of higher output power. It is
noted that the ZVS range of the main switch becomes broader
for smaller total output capacitance Cos,tot of MOSFETs. For
example, if MOSFETs with total output capacitance Cos,tot of
7.5 nF are selected, the ZVS turn ON of the main switch can
be achieved with output power greater than 200 W at input
voltage of 46 V [see Fig. 7(a)]. It should be noted that the ZVS
range of the proposed converter with N = 2 is wider than that
with N = 1 even though it has smaller ZVS current since the
right-hand term of (16), the capacitive energy of the MOSFET’s
output capacitor that should be discharged for ZVS operation,
gets much smaller due to the decreased duty cycle.

D. Design Example

1) Auxiliary Inductor: The auxiliary inductor LA is an im-
portant design parameter which determines ZVS turn ON of
main switches. From (14) and (16), the minimumvalue of in-
ductor LA for ZVS turn ON of main switches can be obtained
as shown in (18) at the bottom of the page. As LA becomes
large, the duty cycle should be increased to regulate the output
voltage due to the voltage drop across LA , leading to increased

LA >
Vi ·L·[(A−V 2

i ·D)·(1−D)2 ·{2Vi−VO ·(1−D)}+2B−2
√

B · [(A−V 2
i · D) · (1 − D)2 · {2Vi − VO · (1 − D)} + B]]

(A − V 2
i · D)2 · (1 − D)2

(18)

where A = PO LfS and B = Cos,totV
3
i Lf 2

S
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Fig. 8. Key waveforms of auxiliary capacitor CA with N = 1 (D > 0.5).

voltage rating of switches. Therefore, LA should be selected as
small as possible once (18) issatisfied.

2) Auxiliary Capacitor: The key waveforms of auxiliary ca-
pacitor CA with N = 1 are shown in Fig. 8. The peak-to-peak
voltage ripple ΔvC A can be obtained by considering the shaded
area of iC A as shown in (19) at the bottom of the page. Rear-
ranging (19) gives

∴ CA =
ΔiC A · (1 − D + ΔD)

4 · ΔvC A · fS
. (20)

E. Output Capacitor Voltages

The operating principles of the proposed converter with N = 1
discussed in the aforementioned sections can also be applied to
the proposed converter with N ≥ 2. The key waveforms of the
proposed converter with N = 2 are shown in Fig. 9. In Fig. 9,
only voltage and current waveforms associated with output ca-
pacitors are shown since the other waveforms are identical to
case of N = 1. It should be noted that the current waveforms
of each output capacitor are different each other, leading to
unequal average values and ripple magnitudes of each output
capacitor voltage in the multiplier cells. Fig. 10(a) shows the
unbalance ratio which is sharply decreased by increasing out-
put capacitances. Output capacitances are chosen to be 6 μF,
and the unbalance ratios are smaller than 3.7%. The ripple ratio
which is determined by capacitor ripple magnitude normalized
to average value is shown in Fig. 10(b). The ripple ratios of
all capacitor voltages are smaller than 6.6% with output capac-
itances of 6 μF. The ripple ratio of the total output voltage is
5%.

III. PERFORMANCE COMPARISON

In this section, design examples of the proposed converter are
presented to illustrate how to determine optimum number of N
for given example specifications:

PO = 1 kW, Vi = 48 V, VO = 380 V

fS = 50 kHz, CA = 9 μF, C1−3 = 6 μF.

Fig. 9. Key waveforms of output capacitors with N = 2 (D > 0.5).

TABLE III
COMPONENT RATING COMPARISON (PO = 1 KW, Vi = 48 V, VO = 380 V,

CA = 9 μF, C1−3 = 6 μF)

First, the duty cycle that affects voltage ratings of switches,
diodes, and capacitors are calculated for several N using
(8)–(10). It should be noted that choosing higher value of N
reduces the required duty cycle, resulting in reduced voltage
ratings of the component. However, this in turn increases the
numbers of components. In case of N > 2, the operating duty
cycle becomes smaller than 0.5, which causes hard-switched
turn ON of main switches. The component ratings of the pro-
posed converter with N = 1 and N = 2 are shown in Table III,
respectively.

In this section, the proposed converter is compared to some of
the recently introduced high step-up interleaved soft-switching
converters [15]–[17]. The comparison has been performed in
terms of the utilization factor of switching devices and energy
volume of passive components, etc., and the results are listed in
Table IV. In terms of switch and diode utilization factors of the
topologies, [15] and [16] are the best, respectively. The switch
utilization factor of the proposed converter is moderate. But

ΔvC A =
1

CA

[∫ (1−D )T

0

{
ΔiC A

2(1 − D)T
t

}
dt +

∫ (1−D+ΔD )T

(1−D )T

{
− ΔiC A

2 · ΔDT
t+

ΔiC A (1−D+ΔD)
2 · ΔD

}
dt

]

(19)
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TABLE IV
COMPARISON BETWEEN CONVENTIONAL HIGH STEP-UP CONVERTERS AND PROPOSED CONVERTER

(PO = 1 kW, Vi = 48 V, VO = 380 V, fS = 50 kHz, ΔIin = 2%, ΔVO = 5%)

Fig. 10. Output capacitor voltages as a function of output capacitance (a)
unbalance ratio and (b) ripple ratio (PO = 1 kW, Vi = 48 V, VO = 380 V).

the proposed converter and topology [17] have the lowest diode
utilization factors. The reverse recovery loss of the topology [15]
was alleviated, but somewhat larger compared to other topolo-
gies. The topology [17] has the smallest total energy volume of
the capacitors, but the requirement for input current ripple was
not satisfied even with the filter inductance larger than 900 μH.
The topology [16] has the largest total energy volume of the
capacitors.

IV. EXPERIMENTAL RESULTS

The proposed converter with N = 1(N = 2) has been built in
the laboratory. The system parameters used in the experiment is
as follows:

PO = 1 kW, Vi = 48–60 V, VO = 380 V, D = 0.78 (0.51)

fS = 50 kHz, L = 720 μH(120 μH), LA = 6.3 μH

CA = 9 μF, CC = 3 μF, C1−3 = 6 μF.

The component ratings along with the respective selected de-
vices from the manufactures are provided in Table V. Fig. 11
shows experimental waveforms of the proposed converter.
Fig. 11(a) shows the input current and two inductor currents il-
lustrating the interleaving effect. As can be seen from Fig. 11(b)
and (c) that both main and clamp switches are turned ON with
ZVS. As is also seen from Fig. 11(d) that the diode is turned
OFF with ZCS leading to negligible turn-off losses associated
with reverse recovery characteristic.

Fig. 12 shows measured efficiency of the proposed converter.
The peak measured efficiencies of the proposed converter with
N = 1 and N = 2 are 97.6% at 400 W and 98.4% at 600 W,
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TABLE V
COMPONENT RATINGS AND SELECTED DEVICES

Fig. 11. Experimental waveforms of the proposed converter (a) input and
inductor currents, (b) voltage and current waveforms of main switch, (c) voltage
and current waveforms of clamp switch, and (d) voltage and current waveforms
of diode.

Fig. 12. Measured efficiency of the proposed converter.

Fig. 13. Loss analysis of the proposed converter with N = 2 at full load.

respectively, when the input voltage Vi is 60 V. The measured
full-load efficiencies of the proposed converter with N = 1
and N = 2 are 93.5% and 94.3%, respectively, when the input
voltage Vi is 60 V. In case of N = 1 the switch conduction loss
decreases, but the switch current at turn-off instant increases
due to the increased duty cycle resulting in much increased
turn-off switching losses. Since the turn-off switching loss is
dominant the efficiency of the proposed converter with N = 1
is approximately 1% lower than that of the proposed converter
with N = 2.

Fig. 13 shows loss analysis of the proposed converter with
N = 2 at full load. The total loss of the proposed converter is
70 W. The large portion of the losses comes from switch and
diode conduction losses, which are 43% and 27% of the total
loss, respectively. The switching loss of switches is very small
due to ZVS turn-on operation. The switching loss of diodes
associated reverse recovery is negligible due to the ZCS turn-
off operation.

V. CONCLUSION

This paper proposes a soft-switched dc–dc converter using
voltage multiplier cells for high-step up application. The pro-
posed converter employs two clamp switches which help not
only clamp the voltage spikes caused by parasitic inductance,
but also achieve ZVS turn ON of switches and ZCS turn OFF
of diodes. The basic converter with N = 1 has doubled voltage
conversion ratio compared to the conventional boost converter.
Combining the basic converter with multiplier cells increases
flexibility in device selection. The proposed converter is com-
pared to some high step-up converters in terms of component
ratings. Experimental results from a 1-kW prototype are pro-
vided to validate the proposed concept.
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