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Abstract—This article proposes a triple-mode resonant con-
verter operating over a wide input voltage range for renewable
energy harvesting applications. The proposed converter operates
in a pure series-resonant mode with a nominal input voltage, an
asymmetric resonant boost mode with a low-input voltage, and
an asymmetric pulse-width-modulation series-resonant buck mode
with a high-input voltage. This converter adopts an asymmetric
half-bridge-type voltage-doubler to reduce the transformer turns
ratio and number of active components. Moreover, its extended
asymmetric modulation reduces hard switching turn-ON losses
compared to conventional symmetric modulations. Consequently,
the proposed converter attains high power conversion efficiency
and power density over a wide input voltage range. The operating
principles and steady-state analysis are presented in detail herein.
Finally, a 300-W/380-V prototype is presented to validate the fea-
sibility of the proposed converter over an input voltage range of
30–60 V.

Index Terms—Asymmetric modulation, buck–boost converter,
isolated resonant converter, renewable energy, soft switching.

I. INTRODUCTION

A S INCREASED attention is dedicated to the mitigation of
issues such as environmental pollution and energy deple-

tion, the demand for renewable energy sources also increases.
Generally, because renewable energy modules such as photo-
voltaic and thermoelectric energy sources generate a relatively
low dc voltage (30–60 V), a step-up dc–dc converter is often
required to converter the low dc voltage to a high dc-bus voltage
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(380 V) that can be used for battery packs, uninterruptible
power supplies, or utility grids [1]. Moreover, because the output
voltage of renewable energy sources has fluctuating character-
istics, the step-up dc–dc converter must operate over a wide
input voltage range with high efficiency [2], [3]. Furthermore, a
high-frequency switching operation in an isolated converter can
aid in the realization of a more compact power system [4]. Sev-
eral isolated step-up converters have been proposed to meet the
abovementioned requirements. Such isolated step-up converters
can be classified into step-up pulse-width-modulation (PWM)
converters and step-up resonant converters.

Among conventional PWM converters, a flyback dc–dc con-
verter is considered as an ideal candidate owing to an isolation, a
simple structure, low cost, and achieving a high voltage gain with
a relatively low duty cycle [5]. But, the leakage inductance of its
transformer induces a high-voltage spike and a high switching
loss at the main switch. To resolve these issues, flyback-derived
converters using quasi-square-wave control [6], [7], active clamp
circuits, and auxiliary cells [8], [9], [10], [11] have been pro-
posed. In [6] and [7], they achieved zero-voltage switching
(ZVS) to reduce switching losses, but the leakage energy could
not be recycled, resulting in additional losses and voltage spikes.
An active clamp circuit or an auxiliary cell [8], [9], [10], [11]
can improve the efficiency by completely recycling the leakage
inductance along with soft switching. However, such converters
still suffer from high turn-OFF losses, and their complexities and
costs increase owing to the use of auxiliary switch devices and
resonant tanks.

Alternatively, resonant converters serve as good candidates
for soft switching to achieve high efficiency. A dual-series-
resonant converter [12], wherein its active clamp circuit is
combined with a flyback converter, has been proposed. The
converter excites the transformer bidirectionally for improved
utilization of the transformer, and it can also operate as a boost
converter with a reduced turns ratio of the transformer. However,
to achieve a sufficiently high voltage gain, an extremely large
duty cycle is required, which makes secondary diodes suffer
from severe reverse recovery problems. Furthermore, a consid-
erable voltage imbalance among the resonant capacitors causes
a high voltage stress on the resonant capacitors. This imbalance
makes it more difficult to design a resonance circuit because
it puts switching devices and resonant capacitors under high
voltage stress. A high step-up resonant converter with an active
voltage doubler has been suggested to realize a voltage balance
among the resonant capacitors at a fixed duty ratio of 0.5 [13].
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To reduce the hard switching turn-ON losses, a utilization of bidi-
rectional ac switches in an active voltage doubler structure has
been proposed [14], [15]; moreover, an asymmetric modulation
method has also been proposed to decrease the number of hard
switching turn-ON times [16].

However, the abovementioned resonant converters explicitly
operate as only a boost converter; hence, they cannot be applied
when the input voltage is higher than nominal voltage. There-
fore, hybrid-mode resonant converters [17], [18], [19], [20],
[21] have been proposed to attain the desired output voltage
over a wide input voltage range. Such converters are capable
of operating not only in the boost mode but also in the buck
mode. In cases where the input voltage is lower than a nominal
value, the converter operates as a PWM resonant converter by
fixing the primary-side switch’s duty cycle to 0.5 and controlling
the secondary-side switch’s duty cycle; otherwise, it works as a
phase-shifted full-bridge resonant converter through the variable
duty cycle of the primary switch. The hybrid-mode full bridge
converters using an ac bidirectional switch are proposed to
operate in wide input voltage range [17], [18]. However, such
converters require two additional switches, and their switch
utilization is poor because these switches are operated only in
the boost mode. The idea of using an active voltage doubler in
a hybrid-mode resonant converter was proposed for attaining
a high power conversion efficiency [19]. The active voltage
doubler structure reduces the number of active components and
implements a high-step-up operation. However, the number of
devices is still large owing to the use of a full-bridge circuit on
the primary side. In addition, the hard switching turn-ON of the
secondary side switches occurs twice in the boost mode, thereby
resulting in considerable switching losses. Recently, a bridge-
less hybrid converter [20], [21] has been proposed to achieve
high efficiency. It can achieve not only ZVS at the primary
and secondary side switches but also zero-current switching
(ZCS) of the secondary diodes to reduce the switching loss
across all modes of operation. However, the limited range of the
ZVS region, high reverse recovery of the secondary diode, and
high-voltage ringing make it challenging to attain high power
conversion efficiency and a high power density. Besides, the
turns ratio of the transformer is doubled compared with that of
the aforementioned voltage doubler structures.

Herein, this article proposes a triple-mode resonant converter
with extended asymmetric modulation for application in re-
newable energy harvesting. The proposed triple-mode resonant
converter functions in different modes by comparing the input
voltage with a nominal value in order to operate over a wide
input voltage range, which are as follows:

1) asymmetric resonant boost (ARB) mode under a low-input
voltage;

2) pure series-resonant (PSR) mode under a nominal-input
voltage;

3) asymmetric PWM series-resonant buck (APSRB) mode
under a high-input voltage.

The proposed converter employs a flyback topology with an
active clamp circuit at the low-voltage side and an asymmetric
half-bridge type voltage-doubler at the high-voltage side; thus,
the converter comprises only three switches and one diode with

Fig. 1. Circuit diagram of the proposed triple-mode resonant DC–DC con-
verter.

a low transformer turns ratio to minimize the size and cost
of the converter circuit. In addition, with the aid of extended
asymmetric modulation, the converter can significantly reduce
hard-switching turn-ON losses of the rectifier while keeping the
small number of switch components. Therefore, the proposed
converter can retain the desired output voltage over a wide input
voltage range with low component counts and high efficiency.
This article presents detailed converter operation, steady-state
characteristics, and design process. During our study, we built
a converter prototype operating over an input voltage range of
30–60 V, at a dc-bus voltage of 380 V, at a rated power of 300 W,
and demonstrated its performance.

The rest of this article is organized as follows. The topology
and triple-mode operations of the proposed converter are intro-
duced in Section II, and a steady-state analysis is presented in
Section III. The design process for the proposed converter is
provided in Section IV. Experimental results are presented in
Sections V, and VI summarizes this article.

II. CONVERTER OPERATION

A. Topology Description

The propose proposed triple-mode resonant dc–dc converter
has switches S1 and S2 with a clamp capacitor Cc on the
primary side of the transformer T . The secondary side of T has
a half-bridge circuit with an asymmetric structure by employing
resonant capacitors Cr1 and Cr2, a switch S3, and a resonant
diode Dr, and a resonant inductor Lr that comprises the leakage
inductance of the transformer T and a supplementary inductor
(see Fig. 1). To simplify the circuit operation, the following
assumptions were made.

1) Switches S1, S2, and S3 are ideal with the exception of
their reverse body diodes DS1, DS2, and DS3, and output
capacitances CS1 and CS2.

2) Capacitors Cc and Co are large enough so that their
capacitor voltages VC and Vo exhibit no voltage ripple.

3) Transformer T is ideal except for magnetizing inductance
Lm and leakage inductance.

4) Resonant capacitorsCr1 andCr2 are identical;Cr1 =Cr2

For simple analysis, we define the output capacitance
Coss =CS1 =CS2 of a switch component and Cr =Cr1 + Cr2.
The operating modes of the proposed resonant converter can be
categorized into ARB, PSR, and APSRB modes by comparing
the input voltage Vin with nominal voltage Vnom.
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Fig. 2. Operating stages in the ARB mode. (a)–(f) Stages 1–6.

B. ARB Mode (Vin < Vnom)

1) Stage 1 [t0, t1] : At time t0 [see Fig. 2(a)], S1 and S3 are
turned ON, and Vin is applied to the primary-side winding
of T . iLr starts to flow, and vCr starts to increase from
its minimum value. iLr resonates based on the resonance
between Lr and Cr. In Stage 1, Vin, Lr, Cr1, and Cr2

constitute the LC equivalent resonance circuit, and its
equation can be derived as

Lr
diLr(t)

dt
= nVin − vCr1(t) (1)

iLr(t) = Cr1
dvCr1(t)

dt
− Cr2

dvCr2(t)

dt
(2)

where iLr(t0) = 0 and vCr(t0) = < vCr > − ΔvCr

where < vCr > denotes the average value of vCr, and
ΔvCr is the voltage ripple of vCr. Because Vo is constant,
iLr(t) can be obtained as follows:

iLr(t) = Cr1
dvCr1(t)

dt
− Cr2

d(Vo − vCr1(t))

dt

= Cr
dvCr1(t)

dt
. (3)

Solving (1) and (3) yields the following:

iLr(t) =
r1
Zr

sin [ωr(t− t0)] (4)

vCr1(t) = nVin − r1 cos [ωr(t− t0)] (5)

where r1 = nVin− < vCr > + ΔvCr denotes the radius
of the circular path with the center at (nVin, 0) [see
Fig. 4(a)]. During stage 1, the operating point on the state-
plane trajectory moves from A1 to A2, and the resonant
frequency and characteristic impedance can be expressed
as

ωr =
1√

Lr(Cr1 + Cr2)
=

1√
LrCr

(6)

Zr =

√
Lr

Cr1 + Cr2
=

√
Lr

Cr
. (7)

Stage 1 ends at half of the switching cycle, and stage
2 begins with zero current. The duration of stage 1
is represented as DpriTs where Dpri and Ts represent
primary-side switch S1’s duty ratio and switching period,
respectively.

2) Stage 2 [t1, t2]: At time t1 [see Fig. 2(b)], S1 is turned OFF

and the converter enters the deadtime area. After a given
deadtime, S2 is turned ON using ZVS. During stage 2, the
operating point on the state-plane trajectory remains at A2

[see Fig. 4(a)].
3) Stage 3 [t2, t3]: At time t2 [see Fig. 2(c)], S2 is turned ON

with achieving ZVS because DS2 conducts in stage 2. iLr

starts to flow, and vCr starts to drop from its maximum
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Fig. 3. Theoretical waveforms of the proposed converter operating in the (a) ARB mode, (b) PSR mode, and (c) APSRB mode.

Fig. 4. State-plane trajectory diagrams of the equivalent resonance circuit operating in the (a) ARB mode, (b) PSR mode, and (c) APSRB mode.

value. During stage 3, CC , Lr, Cr1, and Cr2 constitute
the LC equivalent resonance circuit, and its equation can
be written as

Lr
diLr(t)

dt
= −nVC − vCr1(t) (8)

iLr(t) = Cr
dvCr1(t)

dt
(9)

where iLr(t2) = 0 and vCr(t2) =< vCr > +ΔvCr. Be-
cause the period in stage 2 is extremely short, it can be
ignored, and iLr(t2) can be considered to be zero. Solving
(8) and (9) yields the following:

iLr(t) =
r2
Zr

sin [ωr(t− t2)] (10)

vCr1(t) = −nVC + r2 cos [ωr(t− t2)] (11)

where r2 = nVC+ < vCr > +ΔvCr denotes the radius
of the circular path with the center at (−nVC , 0) [see
Fig. 4(a)]. During stage 3, the operating point on the
state-plane trajectory moves fromA2 toA3 [see Fig. 4(a)].
The duration of stage 3 is represented as DARBTs where
DARB represents boosting duty ratio [see Fig. 3(a)].

4) Stage 4 [t3, t4]: At time t3 [see Fig. 2(d)],S2 is still turned
ON; additionally, the rectifier diode Dr is also turned ON

after S3 is turned OFF. iLr increased in the previous stage
is transferred to the output load. During this stage, VC , Vo,
Cr1, Cr2, and Lr constitute an LC equivalent resonance
circuit, and iLr approaches zero, following the sinusoidal
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Fig. 5. Operating stages in the PSR mode. (a)–(d) Stages 1–4.

waveform. The equation of the equivalent circuit can be
derived as

Lr
diLr(t)

dt
= −nVC + Vo − vCr1(t) (12)

iLr(t) = Cr
dvCr1(t)

dt
(13)

where iLr(t3) = − r3
Zr

sinα and vCr(t3) = −nVC +

Vo − r3 cosα where α = sin−1( r2r3 sin[ωr(t3 − t2)]).
Solving (12) and (13) yields the following:

iLr(t) = − r3
Zr

sin [α− ωr(t− t3)] (14)

vCr1(t) = −nVC + Vo − r3 cos [α− ωr(t− t3)] (15)

where r3 = −nVC + Vo− < vCr > + ΔvCr denotes the
radius of the circular path with the center at (−nVC + Vo,
0) [see Fig. 4(a)]. And, during stage 4, the operating point
on the state-plane trajectory moves from A3 to A1.

5) Stage 5 [t4, t5]: At time t4 [see Fig. 2(e)], Dr is turned
OFF with ZCS. iLr becomes zero, and vCr stays at its min-
imum value. During stage 5, the primary-side reflection of
iLm is equivalent to the current flowing through S2. The
operating point on the state-plane trajectory remains at A1

[see Fig. 4(a)].
6) Stage 6 [t5, t0]: At time t5 [see Fig. 2(f)], S2 is turned OFF

and the converter enters a deadtime area. The state-plane
trajectory still remains at point A1 during stage 6 [see
Fig. 4(a)].

C. PSR Mode (Vin = Vnom)

1) Stage 1 [t0, t1] : At time t0 [see Fig. 5(a)], iLr starts to
flow, and vCr starts to increase from its minimum value,
similar to that in stage 1 in the ARB mode. During this
stage, Vin, Lr, Cr1, and Cr2 constitute the LC equivalent

resonance circuit, and its equation can be derived as

Lr
diLr(t)

dt
= nVin − vCr1(t) (16)

iLr(t) = Cr
dvCr1(t)

dt
(17)

where iLr(t0) = 0, and vCr(t0) = < vCr > − ΔvCr.
Solving (16) and (17) yields the following:

iLr(t) =
r4
Zr

sin [ωr(t− t0)] (18)

vCr1(t) = nVin − r4 cos [ωr(t− t0)] (19)

where r4 = nVin− < vCr > + ΔvCr denotes the radius
of the circular path with the center at (nVin, 0) [see
Fig. 4(b)]. Because < vCr > is the same as Vo

2 in the
PSR mode, we can consider that r4 = ΔvCr. During stage
1, the operating point on the state-plane trajectory shifts
from A1 to A2 [see Fig. 4(b)]. The duration of stage 1 is
represented asDpriTs whereDpri represents primary-side
switch S1’s duty ratio [see Fig. 3(b)].

2) Stage 2 [t1, t2]: At time t1 [see Fig. 5(b)], S1 is turned
OFF and the converter enters a deadtime area. After a given
deadtime, S2 is turned ON using ZVS. During stage 2, the
operating point on the state-plane trajectory remains at A2

[see Fig. 4(b)].
3) Stage 3 [t2, t3]: At time t2 [see Fig. 5(c)], S2 is turned ON

with achieving ZVS because DS2 conducts in stage 2. iLr

starts to flow, and vCr starts to drop from its maximum
value. In stage 3, CC , Vo, Lr, Cr1, and Cr2 constitute the
LC equivalent resonance circuit, and its equation can be
written as

Lr
diLr(t)

dt
= −nVC + Vo − vCr1(t) (20)
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Fig. 6. Operating stages in the APSRB mode. (a)–(f) Stages 1–6.

iLr(t) = Cr
dvCr1(t)

dt
(21)

where iLr(t2) = 0 and vCr(t2) = < vCr > + ΔvCr.
Solving (20) and (21) yields the following:

iLr(t) = − r5
Zr

sin [ωr(t− t2)] (22)

vCr1(t) = −nVC − r5 cos [ωr(t− t2)] (23)

where r5 = nVC − Vo+ < vCr > + ΔvCr denotes the
radius of the circular path with the center at (−nVC + Vo,
0) [see Fig. 4(b)]. Because < vCr > is the same as Vo

2
in the PSR mode, we can consider that r5 = ΔvCr. The
operating point on the state-plane trajectory shifts from
A2 to A1 [see Fig. 4(b)].

4) Stage 4 [t3, t4]: At time t3 [see Fig. 5(d)],Dr is turned OFF

with ZCS. iLr becomes zero and vCr is at its minimum
value. The operating point on the state-plane trajectory
remains at A1 [see Fig. 4(b)].

D. APSRB Mode (Vin > Vnom)

1) Stage 1 [t0, t1] : At time t0 [see Fig. 6(a)], iLr starts to
flow, and vCr starts to increase from its minimum value,
similar to that in stage 1 in the PSR mode. In stage 1, Vin,
Lr, Cr1, and Cr2 constitute the LC equivalent resonance

circuit and its equation can be written as

Lr
diLr(t)

dt
= nVin − vCr1(t) (24)

iLr(t) = Cr
dvCr1(t)

dt
(25)

where iLr(t0) = 0, and vCr(t0) = < vCr > − ΔvCr.
Solving (24) and (25) yields the following:

iLr(t) =
r6
Zr

sin [ωr(t− t0)] (26)

vCr1(t) = nVin − r6 cos [ωr(t− t0)] (27)

where r6 = nVin− < vCr > + ΔvCr denotes the radius
of the circular path with the center at (nVin, 0) [see
Fig. 4(c)]. During stage 1, the operating point on the
state-plane trajectory moves fromA1 toA2 [see Fig. 4(c)].
The duration of stage 1 is represented as DAPSRBTs where
DAPSRB represents duty ratio of the APSRB mode, which
is the same as primary-side switch S1’s duty ratio Dpri

[see Fig. 3(c)].
2) Stage 2 [t1, t2]: At time t1 [see Fig. 6(b)], S1 is turned

OFF, and the converter enters a deadtime area. After a given
deadtime, S2 is turned ON using ZVS. During stage 2, the
operating point on the state-plane trajectory remains at A2

[see Fig. 4(c)].
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3) Stage 3 [t2, t3]: At time t2 [see Fig. 6(c)], S2 is turned
ON with achieving ZVS because DS2 conducts in stage 2.
However, the direction of iLr is the same as that in stage
2. CC , Lr, Cr1, and Cr2 constitute the LC equivalent
resonance circuit and its equation can be written as

Lr
diLr(t)

dt
= −nVC − vCr1(t) (28)

iLr(t) = Cr
dvCr1(t)

dt
(29)

where iLr(t2) =
r7
Zr

sinβ, vCr(t2) = −nVC + r7 cosβ,

and β = sin−1( r6r7 sin[ωr(t2 − t0)]). Solving (28) and
(29) yields the following:

iLr(t) =
r7
Zr

sin [β − ωr(t− t2)] (30)

vCr1(t) = −nVC + r7 cos [β − ωr(t− t2)] (31)

where r7 = nVC+ < vCr > + ΔvCr denotes the radius
of the circular path with the center at (−nVC , 0) [see
Fig. 4(c)]. During stage 3, the operating point on the
state-plane trajectory shifts from A2 to A3 [see Fig. 4(c)].

4) Stage 4 [t3, t4]: At time t3 [see Fig. 6(d)],S2 is still turned
ON and Dr is also turned ON, similar to that in stage 4 in
the ARB mode. iLr starts to flow, and vCr starts to drop
from its maximum value. In stage 4, CC , Vo, Lr, Cr1, and
Cr2 constitute the LC equivalent resonance circuit, and
its equation can be written as

Lr
diLr(t)

dt
= −nVC + Vo − vCr1(t) (32)

iLr(t) = Cr
dvCr1(t)

dt
(33)

where iLr(t3) = 0 and vCr(t3) = < vCr > + ΔvCr.
Solving (32) and (33) yields the following:

iLr(t) = − r8
Zr

sin [ωr(t− t3)] (34)

vCr1(t) = −nVC + Vo + r8 cos [ωr(t− t3)] (35)

where r8 = nVC − Vo+ < vCr > + ΔvCr denotes the
radius of the circular path with the center at (−nVC + Vo,
0) [see Fig. 4(c)]. During stage 4, the operating point on the
state-plane trajectory shifts from A3 to A1 [see Fig. 4(c)].

5) Stage 5 [t4, t5]: At time t4 [see Fig. 6(e)], Dr is turned
OFF with ZCS. iLr becomes zero, and vCr stays at its min-
imum value. During stage 5, the primary-side reflection of
iLm is equivalent to the current flowing through S2. The
operating point on the state-plane trajectory remains at A1

[see Fig. 4(c)].
6) Stage 6 [t5, t0]: At time t5, S2 is turned OFF, and the

converter enters a deadtime area [see Fig. 6(f)]. The state-
plane trajectory remains at point A1 during this stage.

III. STEADY-STATE ANALYSIS

A. Voltage Gain of ARB Mode

For calculation of the voltage gain of the ARB mode, we first
figure out the value of ΔvCr. As the same amount of power
is transferred during two half-cycles, only arcs A1 to A2 are
considered [see Fig. 4(a)]. The average value of iLr is twice the
average value of the output current. Subsequently

Io =
Vo

Ro
=

1

Ts

[∫ t1

t0

r1
Zr

sin [ωr(τ − t0)]dτ

]

=
1

TsZrωr
(−r1 cos [ωr(t1 − t0)] + r1)

=
2ΔvCr

TsZrωr
=

2CrΔvCr

Ts
. (36)

Since the radius of the semicircle in stage 1 of the ARB mode
equals the voltage ripple of vCr [see Fig. 4(a)], it can be written
as r1 = ΔvCr. Rearranging (36) for ΔvCr yields the following:

ΔvCr = r1 =
PoTs

2VoCr
(37)

where Po = VoIo. From the state-plane trajectory diagram [see
Fig. 4(a)], vCr(t0) and vCr(t2) can be described as

vCr(t0) = O1 − r1 = nVin − PoTs

2VoCr
(38)

vCr(t2) = O1 + r1 = nVin +
PoTs

2VoCr
. (39)

r2 can also be described by calculating the distance between O2

and vCr(t2) as follows:

r2 = vCr(t2) +
∣∣O2

∣∣ = 2nVin +
PoTs

2VoCr
. (40)

From (11), vCr(t3) can be described by using the boosting duty
ratio DARB as follows:

vCr(t3) = O2 + r2 cos(wrDARBTs)

= −nVC + r2 cos(wrDARBTs). (41)

r3 can be expressed as

r3 = O3 − vCr(t0) = O3 − [O1 − r1]

= Vo − 2Vin +
PoTs

2nVinCr
. (42)

As the two circles intersect at point A3 at time t3 [see Fig. 4(a)],
applying the cosine law to the triangle O2O3A3 yields the
following:

r23 = r22 + (O3 −O2)
2 − 2r2(O3 −O2) cos(wrDARBTs).

(43)

The required boosting duty ratio is

DARB =
1

wrTs
cos−1

[
r22 − r23 + V 2

o

2r2Vo

]

=
1

wrTs
cos−1

[
2CrV

2
o + (2−MARB)PoTs

2CrV 2
o + PoTsMARB

]
(44)
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where MARB = Vo/(2nVin) denotes the voltage gain in the
ARB mode. Rearranging (44) for MARB yields the following:

MARB =
2A+ 2B

2B −AB
(45)

where A = 1− cos( 2πDARB

F ); B = 2πQ
F ; and F = fs

fr
with fr

and fs representing the resonant frequency and the switching
frequency, respectively; the quality factor is

Q =
wrLr

Ro
=

1

wrCrRo
. (46)

B. Voltage Gain of APSRB Mode

Similar to the voltage gain calculation approach employed
for the ARB mode, we consider only the second-half switching
cycle. Then

Io =
Vo

Ro
=

1

Ts

[∫ t4

t3

∣∣∣∣− r8
Zr

sin [wr(τ − t3)]

∣∣∣∣ dτ
]

=
1

TsZrωr
|r8 cos [ωr(t4 − t3)]− r8|

=
2ΔvCr

TsZrwr
=

2CrΔvCr

Ts
. (47)

Since the radius of this semicircle in stage 4 of the APSRB mode
equals the voltage ripple of vCr, it can be written as r8 = ΔvCr

[see Fig. 4(c)]. Rearranging (47) for ΔvCr yields the following:

ΔvCr = r8 =
PoTs

2VoCr
(48)

where Po = VoIo. From the state-plane trajectory diagram [see
Fig. 4(c)], vCr(t0) and vCr(t3) can be described as

vCr(t0) = O8 − r8 = −nVC + Vo − PoTs

2VoCr
(49)

vCr(t3) = O8 + r8 = −nVC + Vo +
PoTs

2VoCr
. (50)

r7 can also be described by calculating the distance between O7

and vCr(t3) as follows:

r7 = vCr(t3) +
∣∣O7

∣∣ = Vo +
PoTs

2VoCr
. (51)

vCr(t2) can be described by the buck duty ratio DAPSRB as
follows:

vCr(t2) = O6 − r6 cos(wrDAPSRBTs)

= nVin − r6 cos(wrDAPSRBTs). (52)

r6 can be expressed as

r6 = O6 − vCr(t0) = O6 − [O8 − r8]

= nVin + nVC − Vo +
PoTs

2VoCr
. (53)

As the two circles intersect at point A2 at time t1 = t2 [see
Fig. 4(c)], applying the cosine law to the triangleO6O7A2 yields

Fig. 7. Voltage gain graph in different modes. Blue, red, and green surfaces
represent the voltage gains of ARB, APSRB, and PSR modes, respectively.

the following:

r27 = r26 + (O6 −O7)
2 − 2r6(O6 −O7) cos(wrDAPSRBTs).

(54)

The required buck duty ratio is

DAPSRB =
1

wrTs
cos−1

[
r26 − r27 + (nVin + nVC)

2

2r6(nVin + nVC)

]
. (55)

Rearranging (55) for the voltage gain in the APSRB mode [i.e.,
MAPSRB = Vo/(2nVin)] yields the following:

MAPSRB =
(B − 2)A′ +

√
{(B − 2)A′}2 + 16A′B

8B(1−DAPSRB)
(56)

where A′ = 1− cos( 2πDAPSRB
F ).

By using the obtained voltage gain equations in (45) and (56),
a 3-D voltage gain graph can be constructed with respect to Q
andD (see Fig. 7). Herein, duty cycleD indicates 0.5 +DARB,
0.5, and DAPSRB at ARB, PSR, and APSRB mode, respectively.
So, the output voltage can be retained constantly over the wide
input voltage range by adjusting duty cycleD based on the given
quality factor Q.

IV. DESIGN GUIDELINE

A. Transformer Turn Ratio

Because the proposed converter operating in the PSR mode
completely utilizes the switching cycle with the highest effi-
ciency [19], the turn-ratio Np : Ns = n of T should be selected
such that it outputs the desired output voltage Vo at Vin = Vnom,
as follows:

n =
Vo

2Vnom
. (57)

B. Resonant Capacitance and Inductance

For proper converter operation, ΔvCr in (48) must be lower
than half of Vo under all operating conditions. And, Cr can be
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Fig. 8. Waveforms of the proposed resonant converter in the ARB mode.

chosen as

Cr ≥ PoTs

V 2
o

. (58)

To decrease conduction losses and obtain ZCS of the secondary
switches, ωr must be lower than ωs = 2πfs. And, by choosing
an appropriate ωr, we can choose Lr from (7) and (58), as
follows:

Lr ≤ V 2
o

w2
rPoTs

. (59)

Fig. 9. Waveforms of the proposed resonant converter in the PSR mode.

If condition (59) is met, the chosenLr has to be sufficiently large
to ensure the peak of iLr, which is as small as possible during the
ARB mode. If the peak of iLr is large, S3 incurs large turn-OFF

losses, and thus, the power efficiency gets decreased.

C. Magnetizing Inductance

The magnetizing inductance Lm can be determined based on
the input and output power, that is, Pin and Po. If we assume
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Fig. 10. Waveforms of the proposed resonant converter in the APSRB mode.

that the converter circuit is lossless

VinIin =
V 2
o

Ro
. (60)

To facilitate the ZVS turn-ON of S2, iLm should flow through
S2 during the deadtime; an average value of iLm should be large
to realize continuous conduction mode (CCM) operation for the
waveform of iLm. Note that the triple-mode resonant converter
has the minimum value of Vin in the ARB mode. Then, ILm can

Fig. 11. Efficiency curves of the proposed converter.

TABLE I
PARAMETERS AND COMPONENTS OF THE PROTOTYPE

be expressed by solving (60) and ILm = Iin/n, as follows:

ILm =
V 2
o

nVinRo
=

4nVinM
2
ARB

Ro
. (61)

During 0 < t < DpriTs, the slope of iLm isnVin/Lm. Then, the
ripple of iLm can be defined as

ΔiLm =
nVinDpriTs

2Lm
. (62)

To realize the CCM operation, ILm should always be larger than
ΔiLm. Thus, based on (61) and (62), Lm can be selected as

Lm >
RoDpriTs

8M2
ARB

. (63)

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

To validate the performance of the triple-mode resonant con-
verter, we performed experimental tests using a 300-W proto-
type of the proposed converter with parameters presented in
Table I. A digital control algorithm was implemented using a
TMS320F28377D control board. The experiments were con-
ducted to validate the triple-mode operation and soft-switching
performance under three different operating modes by compar-
ing Vin with Vnom under full-load conditions.
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TABLE II
COMPARISON OF CONVENTIONAL CONVERTERS AND PROPOSED CONVERTER

WhenVin = 30 V, the proposed converter operates in the ARB
mode (see Fig. 8). Fig. 8(a) depicts the primary-side voltage
vpri of T , resonant current iLr, gate–source voltage vgs1 of S1,
and gate–source voltage vgs3 of S3. During the first half of
the switching period, iLr follows a resonant waveform. After
S1 is turned OFF and S3 is still turned ON, Lr is charged, and
iLr increases almost linearly. When S3 is turned OFF, inductor
Lr is discharged, and iLr decreases following a sinusoidal
waveform, which eliminates the loss resulting from one turn-OFF

loss. Fig. 8(b) illustrates the drain–source voltage vds2 of S2,
gate–source voltage vgs2 of S2, and switch current ids2 of S2.
ids2 is equal to the sum of iLr and iLm multiplied by the turns
ratio of the transformer during a turn-ON time of S2. When
S1 is turned OFF, ids2 becomes negative, resulting in ZVS of
switch S2. Fig. 8(c) presents Vin, Vo, switch current ids3 of S3,
and diode current iDr of Dr. The converter achieves a zero
reverse-recovery current owing to the ZCS of Dr.

When Vin = 45 V, the proposed converter operates in the
PSR mode (see Fig. 9). As S3 is not used in this mode, iLr

follows an almost sinusoidal waveform without a boost period
(i.e.,DARBTs = 0). However, for a light load, iLm accounts for a
large portion of iLr. S2 achieves ZVS turn-ON, and the rectifier
diode Dr does not suffer from reverse-recovery problems, such
as those in the ARB mode.

When Vin = 60 V, the proposed converter operates in the
APSRB mode (see Fig. 10). As S1 is turned ON and S2 is turned
OFF, iLr increases. When S1 is turned OFF and S2 is turned
ON, resonance is terminated, and iLr rapidly approaches zero.
Furthermore, iLr follows a sinusoidal waveform in the negative
direction for the remainder of the switching period. S2 achieves
ZVS turn-ON, and the rectifier diode Dr does not suffer from
reverse recovery problems similar to other modes.

Fig. 11 illustrates the power conversion efficiency of the
proposed converter in different operating modes depending on

the output load. A Yokogawa WT332E digital power meter was
used to measure the power conversion efficiency. The proposed
converter achieved a maximum efficiency of 96.2% at Po = 180
W in the PSR mode. In the ARB mode, the boosting duty ratio
DARB in (44) changes according to the load condition. Then,
the current flowing S3 continues to increase during the duration
DARBTs for boosting operation, thereby its high conduction loss
in S3 could result in the power efficiency decrease in the ARB
mode. The California Energy Commission weighted efficiency
values were 93.7%, 96.2%, and 95.8% under the ARB, PSR,
and APSRB modes, respectively.

Table II compares the electrical characteristics and circuit
configurations of the proposed triple-mode resonant converter
and other resonant converters. The converters presented in [12]
and [16] exhibit a relatively narrow input voltage range because
they adopt a single-mode operation. As series-resonant con-
verters with triple-mode operation have a wider input voltage
range regulation, they are suitable for application in renewable
harvesting. Compared with other triple-mode operation convert-
ers [18], [19], [21], the proposed converter demonstrates a wider
input voltage regulation range while maintaining a small number
of components. This feature can reduce the size and cost of
the converters, thereby providing a competitive edge for power
systems of renewable energy sources.

VI. CONCLUSION

This article presents a triple-mode resonant dc–dc converter
using an extended asymmetric modulation operating over a wide
input voltage range for application in renewable energy harvest-
ing. This converter has triple-mode operation by comparing the
input voltage with a nominal voltage; thereby, it can operate
over a wide input voltage range. Furthermore, the proposed
converter employs a flyback topology with an active clamp
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circuit at the low-voltage side and an asymmetric half-bridge
type voltage-doubler at the high-voltage side; it comprises only
three switches and one diode with a low transformer turns ratio.
Thus, the converter can achieve high power density. Moreover,
with the aid of the extended asymmetric modulation, the cir-
cuit can halve hard-switching turn-ON losses of the rectifier
while keeping the small number of switch components. A 300-
W prototype was built and tested to confirm the validity of
the proposed converter. Within the specified operating range,
the converter achieved above 95% peak efficiency under both the
PSR and APSRB modes. As a result, the proposed converter is
suitable for renewable energy applications such as thermoelec-
tric and photovoltaic energy, which generate a relatively low
and fluctuating dc voltage. In addition, because the proposed
converter features high power density, it can achieve much
higher power capacity through modularization.
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