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Abstract—A conventional asymmetrical half-bridge (AHB) con-
verter is one of the widely used topologies in low to medium
power applications. However, when it is designed in a wide input
voltage range, it operates with a low duty ratio at nominal input
voltage. In addition, it has disadvantages, such as a dc offset of
magnetizing current, an unbalanced average current of the diode,
and a nonlinear voltage gain due to asymmetrical operation. To
solve these disadvantages, an AHB converter with linear voltage
gain is proposed. The proposed converter has a structure in which
a capacitor is added as a voltage source to obtain a symmetrical
operation by extending the commutation period. Therefore, it has
a narrow range of operating duty ratio and a zero dc offset of
magnetizing current. Due to the zero dc offset of magnetizing
current, it has a small size transformer and improved zero-voltage
switching conditions of the primary-side switches. In addition, it
has a low primary rms current and a balanced average current of
the diode. Consequently, the proposed converter has high efficiency
under the entire load conditions. A 300–400 V input and 48 V/400 W
output prototype is tested to verify the feasibility of the proposed
converter.

Index Terms—Asymmetrical half-bridge (AHB) converter, dc
offset of magnetizing current, high efficiency, linear voltage gain.

I. INTRODUCTION

W ITH the recent advent of smart factories, industrial
automation, such as industrial robots and machine vi-

sion, has been developing. Accordingly, power consumption
as well as the market size of automated industrial machines
is continuously increasing. In line with this trend, research on
industrial power supplies has been conducted. There are two
considerations in designing an industrial power supply. First,
automated industrial machines are changing to 48 V systems
instead of 12 V systems for high efficiency and high density.
Second, the power supply should be designed to satisfy the

Manuscript received 24 January 2022; revised 28 April 2022; accepted
1 June 2022. Date of publication 15 June 2022; date of current version 6
September 2022. This work was supported by the National Research Foun-
dation of Korea Grant funded by the Korea Government (MSIP) under Grant
2019R1A2B5B02070509. Recommended for publication by Associate Editor
J. Lam. (Corresponding author: Gun-Woo Moon.)

Juhyun Bae, Jae-Sang Kim, Minsu Lee, and Gun-Woo Moon are with the
Department of Electrical Engineering, Korea Advanced Institute of Science
and Technology, Daejeon 34141, South Korea (e-mail: wngus7158@kaist.ac.kr;
jaesangkim@kaist.ac.kr; trevin6248@kaist.ac.kr; gwmoon@kaist.ac.kr).

Jung-Kyu Han is with the Department of Electronics and Control Engi-
neering, Hanbat National University, Daejeon 305-719, South Korea (e-mail:
hanjk715@gmail.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2022.3183260.

Digital Object Identifier 10.1109/TPEL.2022.3183260

Fig. 1. Circuit diagrams of various AHB converters. (a) Conventional AHB
converter. (b) AHB converter with the CIR. (c) Proposed converter.

hold-up condition, which maintains the output voltage for a
certain time after the loss of the ac line voltage. Therefore, many
studies have been conducted on 48 V power supplies with high
efficiency under a wide input voltage range [1], [2].

An asymmetrical half-bridge (AHB) converter, as shown in
Fig. 1(a), is one of the popular topologies in low to medium
power applications due to its small number of elements, inherent
zero-voltage switching (ZVS) capability, and simple pulse width
modulation (PWM) control [3]–[8]. However, a conventional
AHB converter has the following disadvantages when it is
designed in a wide input voltage range to satisfy a hold-up
condition. The first disadvantage is the dc offset of magnetizing
current in the transformer. As shown in Fig. 2(a), the dc offset
of magnetizing current not only increases the size of the trans-
former but also worsens the ZVS condition of switch Q1 [9].
To achieve the ZVS of Q1, magnetizing inductance Lm should
be small. As a result, the conventional AHB converter has a
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Fig. 2. Key waveforms of various AHB converters. (a) Conventional AHB converter. (b) AHB converter with the CIR. (c) Proposed converter.

high primary rms current, and it causes a large conduction loss
of the transformer. The second disadvantage is an unbalanced
average current of the diode. A high average current flows
through diodes with high voltage stress that have a high forward
voltage drop VF. As a result, it causes a large conduction loss of
diode. The third disadvantage is nonlinear voltage gain. For the
same input voltage range, the conventional AHB converter has a
wider range of operating duty ratio compared with the converter
with a linear voltage gain. In addition, it operates with a lower
duty ratio beyond the optimum operating point at the nominal
input voltage. Therefore, the dc offset of magnetizing current
increases, and the voltage and current stress of the rectifier diode
become even more asymmetrical [10]–[13].

To overcome the drawbacks of the conventional AHB con-
verter, several studies have been conducted [14]–[21]. Among
them, an AHB converter with duty-cycle-shifted PWM control
was proposed in [18]. It has a linear voltage gain and zero dc
offset of magnetizing current through symmetrical powering.
Hence, the ZVS condition of Q1 is improved. However, the use
of an additional auxiliary switch and diode increases cost and
complexity. In addition, high freewheeling current conducts in
the additional components, and it causes large conduction loss
of the primary side.

Recently, a representative paper that effectively solves many
shortcomings of the conventional AHB converter was proposed
in [21]. As shown in Fig. 1(b), an AHB converter with a coupled
inductor rectifier (CIR) has a structure in which a coupled
inductor is added to the voltage doubler rectifier. According to
the coupled inductor and the secondary-side doubler capacitors
CS1 and CS2, it obtains an extended commutation period, as
shown in Fig. 2(b). As a result, it has a linear voltage gain
and symmetrical operation. By linear voltage gain, it operates
with a higher duty ratio than the conventional AHB converter at
nominal input voltage. In addition, the dc offset of magnetizing
current is eliminated by CS1 and CS2. Due to the zero dc offset
of magnetizing current, the AHB converter with the CIR has the
improved ZVS condition of Q1. Therefore, it has a low primary
rms current by large Lm. Moreover, the average current of all
rectifier diodes is the output current IO. Since a balanced average

current of diodes flows regardless of the voltage stress of the
diode, it has a small conduction loss. However, the offset current
of the coupled inductor becomes twice the IO. As a result, it has
a high rms current of the coupled inductor, and it causes large
conduction loss. Thus, the AHB converter with the CIR is not
suitable for high output current applications because of its low
efficiency under heavy-load conditions.

It is necessary to study a circuit that not only has a linear volt-
age gain and symmetrical operation but also has high efficiency
under entire load conditions. In this article, an AHB converter
with linear voltage gain is proposed to achieve high efficiency
under heavy-load conditions as well as light-load conditions.
As shown in Fig. 1(c), the proposed converter has a structure in
which one capacitor is added in series to a full-bridge rectifier.
According to the secondary capacitor CS, it obtains an extended
commutation period, as shown in Fig. 2(c). As a result, it has
a linear voltage gain and symmetrical operation. In addition,
the dc offset of magnetizing current is eliminated by CS. The
advantages of the proposed converter are as follows.

1) Due to linear voltage gain, it can be designed with a nar-
rower range of operating duty ratio than the conventional
AHB converter. Thus, it operates with a higher duty ratio
at nominal input voltage.

2) Due to zero dc offset of magnetizing current, it has the
improved ZVS condition of Q1. Thus, it has a small
switching loss under light-load conditions.

3) Due to large Lm, it has a low primary rms current. Thus,
it has a small conduction loss of the transformer.

4) Due to a balanced average current 0.5IO of all rectifier
diodes, it has a small conduction loss. In addition, lower
current-rating diodes with good reverse recovery charac-
teristics can be used.

Because of the above advantages, it achieves higher efficiency
under entire load conditions than the aforementioned AHB
converters.

The rest of this article is organized as follows. The derivation
and operational principles are focused on Sections II and III,
respectively. In Section IV, the characteristics and design con-
siderations of the proposed converter are analyzed. A 300–400 V
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Fig. 3. Key waveforms and secondary-side equivalent circuit. (a) and (b) Conventional AHB converter. (c) and (d) AHB converter with the CIR.
(e) and (f) Proposed converter.

input and 48 V/400 W output laboratory prototype operating at
100 kHz is built and tested to verify the effectiveness of the
proposed converter in Section V. Finally, Section VI concludes
this article.

II. DERIVATION OF THE PROPOSED CONVERTER

This section compares and analyzes the conventional AHB
converter and the AHB converter with the CIR [21]. Besides, it
introduces how the proposed converter is derived. In general, a
half-bridge converter with an output inductor LO can be divided
into three intervals, as shown in Fig. 3. Positive powering interval
is a period [t0-t1] for powering with Io/n, negative powering
interval is a period [t2-t3] for powering with −Io/n, and com-
mutation interval is a period[t1-t2] in which all rectifier diodes
conduct.

In the case of the conventional AHB converter, as shown
in Fig. 3(a), the period[t0-t1] for positive powering and the
period[t2-t3] for negative powering are asymmetrical. Therefore,
the dc offset of magnetizing current is generated to achieve
the current-second balance of the primary blocking capacitor
CB. Fig. 3(b) shows a secondary-side equivalent circuit of the
conventional AHB converter during the commutation period.
Since it is a commutation period, all rectifier diodes conduct.
Kirchhoff’s voltage law (KVL) is applied to the yellow dotted
loop as follows:

vlkg
n

+
VCB

n
+ vD3 − vD1 = 0 (1)

where vlkg is the voltage across a leakage inductor Llkg, VCB

is the voltage of a blocking capacitor, n is the turn ratio of
the transformer, vD1 is the voltage stress of diode D1, vD3 is
the voltage stress of diode D3, and vD1 = vD3 = 0 during
commutation period. Meanwhile, a large VCB is applied to vlkg.

As a result, the primary current ilkg has a steep slope, and the
period[t1-t2] for the commutation period is shortened, as shown
in Fig. 3(a).

In the case of the AHB converter with the CIR, as shown
in Fig. 3(c), the period[t0-t1] for positive powering and the
period[t2-t3] for negative powering are symmetrical by the
extended commutation period[t1-t2]. Thus, there is no dc off-
set of magnetizing current. Fig. 3(d) shows a secondary-side
equivalent circuit of the AHB converter with the CIR during the
commutation period. All rectifier diodes conduct, and half of
the output voltage is applied to the coupled inductor. Since the
output voltage is 2DVS/n, the voltage across coupled inductor
vLo is DVS/n. In the same way, KVL is applied to the yellow
dotted loop as follows:

vlkg
n

+
VCB

n
− VO

2
+ VCS1 − vD1 = 0 (2)

where vD1 = 0 during the commutation period. At this time, the
voltage of secondary capacitors VCs1 and VCs2 can be obtained
using the slope equation of the ilkg during the dead time [21].

VCS1 =
4IOLlkg

n2(1− 2D)TS
(3)

VCS2 = VO − 4IOLlkg

n2(1− 2D)TS
. (4)

Because VCB/n is the same as vLo, and they cancel out each
other through (2). Therefore, nVCS1 is applied to vlkg, and VCS1

becomes very small at nominal input voltage. As a result, ilkg has
a gentle slope, and the commutation period[t1-t2] is extended for
symmetrical operation, as shown in Fig. 3(c).

However, the AHB converter with the CIR has a disadvantage
in which large conduction loss occurs due to the coupled induc-
tor. Meanwhile, the proposed converter has the same advantages
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Fig. 4. Voltage stress of CS.

as the AHB converter with the CIR through symmetrical opera-
tion and solves the disadvantages caused by the coupled inductor
presented in [21]. To obtain the extended commutation period,
a voltage source that can reduce a large vlkg during the commu-
tation period is required. Therefore, the proposed converter has
a structure in which one capacitor is added to the secondary
side as the voltage source. Fig. 3(f) shows a secondary-side
equivalent circuit of the proposed converter during the com-
mutation period. Since it is a commutation period, all rectifier
diodes conduct. KVL is applied to the yellow dotted loop as
follows:

vlkg
n

+
VCB

n
− VCS + vD3 − vD1 = 0 (5)

where vD1 = vD3 = 0 during the commutation period. At this
time, the voltage of secondary capacitor VCS can be obtained
using the slope equation of ilkg (6) during the dead time.

−VCB + nVCS

Llkg
· (1− 2D)TS =

2IO
n

(6)

VCS = VO − 2IOLlkg

n2(1− 2D)TS
. (7)

Using (5), nVCS−VCB is applied to vlkg as follows:

vlkg = nVCS − VO = − 2IOLlkg

n(1− 2D)TS
= − 2IOLlkg

n(1− 2nVO

VS
)TS

.

(8)
As VCB/n is almost similar to VCS at nominal input voltage

through (7) and Fig. 4, they almost cancel out each other.
Therefore, vlkg, as shown in Fig. 5, becomes very small at
a nominal input voltage. As a result, ilkg has a gentle slope,
and the commutation period[t1-t2] is extended for symmetrical
operation, as shown in Fig. 3(e).

When the input voltage decreases or the output current in-
creases, the operating duty ratio increases. As shown in Fig. 5,
as the operating duty ratio increases, the absolute value of vlkg
at the commutation period also increases. As a result, the com-
mutation period [t1-t2] is shortened and symmetrical operation
can be maintained. Therefore, since the vlkg at the commutation
period changes according to the change of the input voltage
and the output current to maintain a symmetrical operation, the
commutation period [t1-t2] is shorter than (1−D)TS.

Fig. 5. Vlkg at commutation period.

Consequently, the proposed converter not only has a low rms
current of LO because the offset current of LO is IO but also can
achieve high efficiency due to its symmetrical operation.

III. OPERATIONAL PRINCIPLES

Figs. 6 and 7 show the operating modes and key waveforms
of the proposed converter, respectively. The primary-side
configuration and control method are the same as that of the con-
ventional AHB converter. Accordingly, the proposed converter
has five operation modes, as shown in Fig. 7. To simplify the
analysis of operation, several assumptions are made as follows.

1) CB and CS are large enough to be considered as constant
voltage sources.

2) The primary switches Q1 and Q2 are ideal except for
internal diodes Ds1 and Ds2 and output capacitors Coss1

and Coss2.
3) Rectifier diodes D1 and D2 are ideal except for junction

capacitors Cj1 and Cj2.

Mode 1 [t0-t1]: Mode 1 starts when Q1 is turned ON. Q1

is turned ON with the ZVS because Coss1 is all discharged in
Mode 5. In this mode, a voltage across magnetizing inductor
vLm is the difference between an input voltage VS and VCB.
Therefore, VS−VCB is transferred to the secondary side and
powered to the output through D1, D4, and CS. Furthermore, a
voltage across output inductor vLo is (VS−VCB)/n+VCS−Vo.
In addition, voltages of D2 and D3 are 2{(VS−VCB)/n+VCS}
considering the resonance of Cj1, Cj2, and Llkg.

Mode 2 [t1-t2]: Mode 2 starts when Q1 is turned OFF.
In this mode, ilkg charges and discharges Coss1 and Coss2,
respectively. When a transformer secondary-side voltage vrec
decreases to −VCS, D2 and D3 conduct. Accordingly, all
rectifier diodes conduct, and a commutation occurs. At this
time, vrec is clamped to −VCS, and vLm becomes −nVCS.
As a result, a small voltage of nVCS−VCB is applied to vlkg,
and ilkg has a gentle slope of (nVCS−VCB)/Llkg.

Mode 3 [t2-t3]: Mode 3 starts when Q2 is turned ON. Q2

is turned ON with the ZVS because Coss2 is all discharged in
Mode 2. In Mode 3, the commutation period continues as in
Mode 2, and ilkg is decreased with the same slope.
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Fig. 6. Current path of the proposed converter. (a) Mode 1. (b) Mode 2.
(c) Mode 3. (d) Mode 4. (e) Mode 5.

Mode 4 [t3-t4]: Mode 4 starts at the end of the commutation
period. In this mode, vLm is−VCB. Therefore,−VCB is trans-
ferred to the secondary side and powered to the output through
D2, D3, and CS. Furthermore, vLo is VCB/n−VCS−Vo. In
addition, voltages of D1 and D4 are 2(VCB/n−VCS),
considering the resonance of Cj1, Cj2, and Llkg.

Mode 5 [t4-t5]: Mode 5 starts when Q2 is turned OFF.
In this mode, ilkg discharges and charges Coss1 and Coss2,
respectively. When vrec increases to −VCS, D1 and D4

conduct. Accordingly, all rectifier diodes conduct, and the
commutation occurs. At this time, vrec is clamped to −VCS,
and vLm becomes −nVCS. As a result, unlike mode 2, a large
voltage of VS−VCB+nVCS is applied to vlkg, and ilkg has a
steep slope of (VS−VCB+nVCS)/Llkg.

Fig. 7. Key waveforms of the proposed converter.

TABLE I
SPECIFICATIONS OF PROTOTYPE CONVERTERS

IV. CHARACTERISTICS AND DESIGN CONSIDERATIONS OF THE

PROPOSED CONVERTER

To illustrate the design procedure of the proposed converter,
a specification for industrial power supply in Table I is used
in this section. The characteristics and design procedure of the
proposed converter are as follows.

A. Voltage Gain

The voltage gain of the proposed converter is linear that differs
from the conventional AHB converter, and it can be obtained by
the voltage-second balance of Lo and Lm. To ease the complexity
of analysis, it is assumed that the dead time is small enough to
be neglected. The voltage-second balance is applied to Lo and
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Fig. 8. Normalized voltage gain.

Lm as follows:

D

(
VS − VCB

n
+ VCS − VO

)

− (1− 2D)VO +D

(
VCB

n
− VCS − VO

)
= 0 (9)

D(VS − VCB) + (1− 2D)(−nVCS) +D(−VCB) = 0.
(10)

From (9) and (10), VCB and voltage gain are, respectively,
obtained as follows:

VCB = DVS (11)

Gv =
VO

VS
=

D

n
. (12)

Normalized voltage gain graphs of the conventional AHB
converter and the proposed converter are shown in Fig. 8. The op-
erating duty ratio of the conventional AHB converter is designed
to be 0.2 to 0.5 due to the nonlinear voltage gain. Therefore,
it operates with a lower duty ratio at nominal input voltage,
resulting in greater asymmetry. However, since the proposed
converter has linear voltage gain, the operating duty ratio is
designed to be 0.32 to 0.5, which is a relatively narrow range. As
a result, it has a relatively high operating duty ratio at nominal
input voltage.

Moreover, the conventional AHB converter and the proposed
converter have the same maximum voltage gain at a duty ratio
of 0.5 in an ideal case. In practice, the proposed converter
has a relatively large effective gain due to its small duty loss.
Accordingly, if the turn ratio is selected to provide the output
of 48 V in a given input voltage range, it is as follows. The turn
ratio of the conventional AHB converter is designed as 2.31.
On the other hand, the turn ratios of the AHB converter with
CIR and the proposed converter are designed as 5.1 and 2.55,
respectively.

B. DC Offset of Magnetizing Current in the Transformer

The dc offset of magnetizing current can be obtained by the
following equation:

< ilkg > = < iLm >+
< isec >

n
(13)

Fig. 9. ZVS waveforms of the proposed converter.

where <ilkg> is the average current of the primary side, <iLm>
is the average current of the magnetizing inductor, and <isec>
is the average current of the secondary side.

By the charge balance of the capacitor, the average current
flowing through the capacitor during one cycle becomes zero.
Therefore, <ilkg> is zero by CB. As a result, from (13), the dc
offset of magnetizing current is the average current flowing from
the secondary side to the primary side.

In the case of the conventional AHB converter, when Q1 is
turned ON during DTs, it powers through D1 and D4. However,
when Q2 is turned ON during (1−D)Ts, it powers through D2 and
D3. Thus, <isec> during DTs and (1−D)Ts is DIo and (1−D)Io,
respectively. As a result, the conventional AHB converter has
the dc offset of magnetizing current of (1−2D)Io/n. As the input
voltage range is wide, it operates with a lower duty ratio at
nominal input voltage. Therefore, it has a large dc offset of mag-
netizing current, and it limits the use of the maximum magnetic
flux density, which increases the size of the transformer.

Meanwhile, in the case of the AHB converter with the CIR
and the proposed converter, <isec> becomes zero by the charge
balance of the secondary capacitor. As a result, the AHB con-
verter with the CIR and the proposed converter have a zero dc
offset of magnetizing current regardless of duty ratio and can be
designed as a small size transformer.

C. ZVS Conditions

As shown in Fig. 9, when the commutation period starts, vrec
and vLm are clamped to −VCS and −nVCS, respectively. At this
time, Coss1 and Coss2 are charged and discharged by ilkg. Based
on Fig. 9, the ZVS conditions of Q1 and Q2 in the proposed
converter are obtained as follows:

1

2
Llkg

(
−IO

n
− vLm

2Lm

DTS

)2

≥ 1

2
CossV

2
S−

1

2
Coss(VCB−nVCS)

2+
1

2
Coss(VS−VCB+nVCS)

2

= Coss

(
V 2
S − 2VSIOLlkg

n(1− 2D)TS

)
(14)

1

2
Llkg(

IO
n

+
vLm

2Lm

DTS)
2
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Fig. 10. Required Lm for ZVS of Q1 under 50% load conditions.

≥ 1

2
Coss(VCB−nVCS)

2+
1

2
CossV

2
S−

1

2
Coss(VS−VCB+nVCS)

2

= Coss

(
2VSIOLlkg

n(1− 2D)TS

)
. (15)

Since the required ZVS energy of Q1 is greater than that of
Q2, Lm and Llkg are designed to satisfy the ZVS condition of
Q1.

In case of the conventional AHB converter, the dc offset of
magnetizing current worsens the ZVS condition of Q1. Mean-
while, the AHB converter with CIR and the proposed converter
do not have asymmetry of primary current since magnetizing
current does not have dc offset. Therefore, they have a large
ZVS energy of the switch Q1, and the ZVS condition of Q1

is improved. Fig. 10 shows the maximum Lm required for the
ZVS of Q1 under the same Llkg with 15 µH. To achieve the ZVS
under the same load conditions, the conventional AHB converter
should be designed with a small Lm of 400 µH, whereas the
proposed converter can be designed with a relatively large Lm

of 900 µH. Although it is designed with a larger Lm, it can
achieve the ZVS of Q1 well enough. As a result, Q1 turns ON after
more of the voltages of output capacitance Coss are discharged
under light-load conditions, which results in mitigated turn-ON

switching loss.

D. Primary RMS Current

The primary rms current can be determined in Fig. 3. To ease
the complexity of analysis, it is assumed that the dead time [t3-t4]
is small enough to be neglected. At this time, the primary current
corresponding to each time is obtained as follows:

i (t0) = ILm_offset − 1
2 ·ΔiLm + IO

n

i (t1) = ILm_offset +
1
2 ·ΔiLm + IO

n

i (t2) = ILm_offset +
1
2 ·ΔiLm − IO

n

i (t3) = ILm_offset − 1
2 ·ΔiLm − IO

n

(16)

where ILm˙offset is the dc offset of magnetizing current, and
ΔiLm is a ripple of magnetizing current.

From (16), the primary rms current of the conventional AHB
converter and the proposed converter are, respectively, obtained

Fig. 11. Comparison of primary rms current.

as follows:

ilkg_RMS_Conv =

[
1

T
{
∫ DTS

0

(
ΔiLm

DTS
t+ i(t0)

)2

dt

+

∫ (1−D)TS

0

( −ΔiLm

(1−D)TS
t+ i(t2)

)2

dt}
] 1

2

(17)

ilkg_RMS_Prop =

[
1

T

{∫ DTS

0

(
ΔiLm

DTS
t+ i(t0)

)2

dt

+

∫ (1−2D)TS

0

( −2IO/n

(1− 2D)TS
t+ i(t1)

)2

dt

+

∫ DTS

0

(−ΔiLm

DTS
t+ i(t2)

)2

dt}
] 1

2

.

(18)

Fig. 11 shows the primary rms current of the conventional
AHB converter with Lm of 400 µH and the proposed converter
with Lm of 900 µH. Due to the symmetrical operation and large
Lm, the proposed converter has a smaller primary rms current
than the conventional AHB converter. In addition, it can be
designed as a small size of the transformer due to the zero dc
offset of magnetizing current. Although the proposed converter
has a slightly increased primary turn NP of winding than the
conventional AHB converter, it has a small mean-length per
turn of the winding due to the small size of the transformer. As
a result, the proposed converter has 1.18 W smaller conduction
loss of the transformer than the conventional AHB converter.

E. Transformer Design

To select the appropriate transformer core, AP value is widely
used. The AP value is as follows:

AP =
LmILm_max

BmaxKuJ

(
ipri_RMS +

isec _RMS

n

)
(19)

where Lm is the magnetizing inductance, ILm˙max is the max-
imum magnetizing current, NP is the primary turn of winding,
Bmax is the maximum flux density, Ku is the utilization factor,



BAE et al.: HIGH-EFFICIENCY ASYMMETRICAL HALF-BRIDGE CONVERTER 14857

J is the current density, ipri˙RMS is the primary rms current, and
isec˙RMS is the secondary rms current.

The proposed converter does not have a dc offset of mag-
netizing current, which results in small ILm˙max. Under the
same Bmax, Ku, and J, AP value of the proposed converter is
about 17574 mm4 through (19). Consequently, the transformer
core of the proposed converter was selected as PQ3230, which
is 6160.2 mm3 smaller in volume than the conventional AHB
converter.

F. Comparison of Output Inductor Between the AHB
Converter With the CIR and Proposed Converter

To obtain the symmetrical operation, as shown in Fig. 7, an
additional voltage source is required to reduce vlkg in the com-
mutation. Accordingly, the proposed converter uses a capacitor
instead of a coupled inductor presented in [21] as the voltage
source.

As shown in Fig. 2(b), the offset current of the coupled
inductor is twice the IO because the AHB converter with the
CIR is derived from the voltage doubler rectifier. Hence, the
rms current of the coupled inductor is large, as shown in (20),
and large conduction loss occurs

iLo_CIR_RMS = 2IO

√
D + 1

3
. (20)

Meanwhile, since the proposed converter has the offset current
of LO as IO, the rms current of LO is small as in (21).

iLo_Prop_RMS = IO. (21)

The proposed converter has 4.74 W smaller conduction loss
of output inductor due to the smaller rms current and smaller
size of the output inductor than the AHB converter with CIR.
Consequently, the proposed converter is more advantageous in
terms of the conduction loss of output inductor than the AHB
converter with the CIR.

G. Output Inductor Design

The output inductor is designed in order for the ripple condi-
tion of output current to satisfy peak-to-peak 20%. The output
inductance is determined by the voltage and current ripple
applied to the output inductor based on the following:

LO =
VLO ·Δt

ΔiLo
(22)

where VLO is the voltage of the output inductor and ΔiLO is the
ripple current of the output inductor.

Fig. 12 shows the output inductance based on (22). LO values
of the conventional AHB converter, AHB converter with CIR,
and the proposed converter under given conditions are 120 µH,
60 µH, and 240 µH, respectively. To design the appropriate
output inductor core, AP value as in (19) is widely used, similar
to a transformer. Under the same Bmax, Ku, and J, the AP

values of the proposed converter is 9251 mm4. As a result, since
the proposed converter has a small offset current of the output
inductor and small rms current of the output inductor, the output
inductor of the proposed converter is designed as CH270060,
which is 1332.8 mm3 smaller in volume than the AHB converter
with CIR.

Fig. 12. Design results of output inductance.

H. Voltage Stress and Average Current of Diode

As shown in Fig. 6, the voltage stresses of diodes D1, D2, D3,
and D4 in the proposed converter are obtained as follows:

vD1 = vD4 = −vrec − VCS =
2IOLlkg

n2(1− 2D)TS
(23)

vD2 = vD3 = vrec + VCS =
VS

n
− 2IOLlkg

n2(1− 2D)TS
. (24)

If the operating duty ratio is less than 0.5, the voltage stress
of D2 and D3 is higher than that of D1 and D4. Thus, the afore-
mentioned AHB converters have asymmetrical voltage stress of
diode. For diodes with low voltage stress, vD1 and vD4 of the
proposed converter are the same as the AHB converter with the
CIR and are slightly lower than that of the conventional AHB
converter. For diodes with high voltage stress, vD2 and vD3 of
the proposed converter are the same as the AHB converter with
the CIR and are slightly higher than that of the conventional
AHB converter.

In the design of a diode, current stress as well as voltage
stress must be considered. The conventional AHB converter
has the average currents in D2 and D3 of (1−D)Io and the
average currents in D1 and D4 of DIo. Thus, the conventional
AHB converter has an unbalanced average current of diodes.
Meanwhile, the AHB converter with the CIR and the proposed
converter have the average currents in all rectifier diodes of Io
and 0.5Io, respectively. Thus, they have a balanced average cur-
rent regardless of voltage stress. Although the aforementioned
converters are designed with the same rated voltage of the diode,
the proposed converter can be designed as a diode with a low
current rating due to its low average current. As a result, D1 and
D4 were selected as 150-V-rated diodes with low current rating,
and D2 and D3 were selected as 400-V-rated diodes with low
current rating.

In general, diodes with high voltage stress have high VF.
Therefore, since the high average current flows through the
diodes with high voltage stress, the conventional AHB con-
verter has a large conduction loss of diode. However, the AHB
converter with CIR and the proposed converter have a smaller
conduction loss of diode than the conventional AHB converter
due to the balanced average currents. In addition, the proposed
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TABLE II
DESIGN PARAMETER FOR AN EXPERIMENT

converter can use lower current-rating diodes than the AHB
converter with the CIR. Therefore, VF and reverse recovery
characteristics of the diodes are improved. Consequently, the
proposed converter has advantages in terms of conduction loss
and characteristics of diodes.

I. Design of Secondary Capacitor

Since the secondary capacitor acts as a voltage source, the
voltage ripple condition is designed to satisfy the peak-to-peak
5%. The voltage VCS and voltage ripple of the secondary
capacitor are equal to (7) and (25), respectively

ΔV =
TS ·ΔICS

8CS
+ΔICS · ESR (25)

where ΔICS is the current ripple of the secondary capacitor, CS

is the secondary capacitance, and ESR is the equivalent series
resistance of the capacitor.

Based on (7), since VCS has a maximum value at the nominal
input voltage, VCS˙max is approximately 48 V, which is the
output voltage. In addition, the voltage ripple is composed of
the effect of ESR and the charge/discharge of the capacitor, as
shown in (25). Therefore, CS was selected as 20 µF under the
given conditions using (25). Moreover, the current ripple condi-
tion must be considered because self-heating occurs due to the
current flowing through the capacitor. As a result, considering
that VCS˙max is 48 V and ΔICS is 2IO, CS is selected to two
CKG57KX7S2A106K335JJ (10 µF, 100 V) in parallel.

V. EXPERIMENTAL RESULTS

The effectiveness and feasibility of the proposed converter
were verified with the experimental results. The design spec-
ification is 300–400 V input voltage, 48 V/400 W output, and
100 kHz switching frequency. For comparison, the conventional
AHB converter and the AHB converter with the CIR were
also implemented. The design parameters for an experiment are
listed in Table II. The primary-side configuration and control
of the aforementioned AHB converters are identical. As shown
in Table II, the AHB converter with the CIR and the proposed
converter can be designed with a small size transformer due to
zero dc offset of magnetizing current. In addition, they can be
designed with a larger Lm because the ZVS condition of Q1 is
improved. LO is designed so that the current ripple of the output
capacitor is the same. Moreover, the resistor-capacitor-diode
(RCD) snubber is designed so that the voltage ringing of the
diode is clamped at a similar voltage level.

Fig. 13 shows the experimental setup. To verify the feasibility
of the proposed converter, a Sorensen SGA600/17C-0AAA was
used as the input source, and series–parallel connected electric
loads (Prodigit 3353) were used as output loads. The efficiency
was measured with a Yokogawa WT3000, and the waveforms
were observed using Teledyne Lecroy HDO8038 and WaveRun-
ner8054.

Fig. 14 shows the prototype of the aforementioned converters.
As shown in Fig. 14, the magnetic component has the greatest
influence on the size of the converter. For the transformer, the
AHB converter with CIR and the proposed converter have a
transformer with a smaller volume of 6160.2 mm3 due to the
zero dc offset of magnetizing current. For the output inductor,
the proposed converter has an output inductor with a smaller
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Fig. 13. Photograph of the experimental setup.

Fig. 14. Photograph of the prototype converters.

volume of 1332.8 mm3 than the AHB converter with CIR, while
it has a output inductor with a larger volume of 1872.6 mm3

than the conventional AHB converter. Therefore, when com-
paring the volume of the diode and the added secondary ca-
pacitor as well as the magnetic component, the total volumes
of the conventional AHB converter, AHB converter with CIR,
and proposed converter are 37379.4 mm3, 33593.8 mm3, and
33131 mm3, respectively. In conclusion, the proposed converter
has the smallest size of the prototype, as shown in Fig. 14.

Fig. 15 shows the experimental waveforms at nominal input
voltage under 100% load conditions. As shown in Fig. 15(a),
the conventional AHB converter operates at a low duty ratio
of 0.22 due to the nonlinear voltage gain and performs the
asymmetrical operation. Hence, it has a dc offset of magnetizing
current. As shown in Fig. 15(b), the AHB converter with the
CIR operates with a relatively high duty ratio of 0.34 by linear
voltage gain. The coupled inductor serves as the voltage source
in the commutation period to perform the symmetrical operation.
Hence, it has a zero dc offset of magnetizing current. As shown
in Fig. 15(c), the proposed converter operates the same as the
AHB converter with the CIR. Similarly, it operates at a relatively
high duty ratio of 0.34 by a linear voltage gain. In addition, it
performs the symmetrical operation as the secondary capacitor

serves as the voltage source in the commutation period. Hence,
it has a zero dc offset of magnetizing current. Furthermore,
the aforementioned AHB converters have asymmetrical voltage
stress of diode at a nominal input voltage. Therefore, different
RCD snubbers were used to limit the secondary-side voltage
ringing according to the voltage stress, and it can be seen that
the diode with high voltage stress is clamped at 360 V.

Fig. 16 shows the ZVS waveforms of Q1 at nominal input
voltage with different load conditions. As shown in Fig. 16(a)
and (b), the conventional AHB converter has the small ZVS
energy of Q1 due to the dc offset of magnetizing current. Thus,
it can achieve the ZVS under 50% load conditions with small
Lm. However, hard switching occurs at 400 V under 10% load
conditions. As shown in Fig. 16(c)–(f), the AHB converter
with the CIR and the proposed converter have the same ZVS
characteristics because they have the same primary operation.
In addition, the ZVS energy of Q1 is large due to the zero dc
offset of magnetizing current. Thus, they can achieve the ZVS
under 50% load conditions as the conventional AHB converter,
even with a large Lm. Moreover, hard switching occurs at 390 V
after discharging the voltage of Q1 more than the conventional
AHB converter under 10% load conditions. Therefore, the pro-
posed converter has mitigated the turn-ON switching loss under
light-load conditions.

Figs. 17 and 18 show the measured efficiency of the prototype
converters and the loss breakdown at a nominal input voltage.
As shown in Fig. 17, the proposed converter achieves higher
efficiency under entire load conditions than the conventional
AHB converter and the AHB converter with the CIR. Based
on the loss breakdown, as shown in Fig. 18, it has a higher
efficiency than the conventional AHB converter due to small
switching loss under light-load conditions and small conduction
loss of the transformer and diode under heavy-load conditions.
In addition, it has a higher efficiency than the AHB converter
with the CIR due to the reduced conduction loss of the output
inductor and diode under heavy-load conditions.

VI. CONCLUSION

In this article, an AHB converter with linear voltage gain is
proposed. The proposed converter has a structure in which a sec-
ondary capacitor is added for the extended commutation period.
It has the following advantages through linear voltage gain and
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Fig. 15. Experimental waveforms under 100% load conditions. (a) Conventional AHB converter. (b) AHB converter with the CIR. (c) Proposed converter.

Fig. 16. Experimental ZVS waveforms. (a) Conventional AHB converter under 50% load conditions. (b) Conventional AHB converter under 10% load conditions.
(c) AHB converter with the CIR under 50% load conditions. (d) AHB converter with the CIR under 10% load conditions. (e) Proposed converter under 50% load
conditions. (f) Proposed converter under 10% load conditions.

Fig. 17. Measured efficiency at nominal input voltage.

symmetrical operation. First, it has a narrow range of operating
duty ratio by linear voltage gain. Second, it has a zero dc offset
of magnetizing current that reduces the size of the transformer.
Besides, zero dc offset of magnetizing current affects primary
current to operate symmetrically, which results in large ZVS
energy of Q1. Therefore, it has a reduced switching loss because
the ZVS condition of Q1 is improved. In addition, it has reduced
conduction loss due to low primary rms current through large Lm

and balanced average current of the diode. Furthermore, since it
can use lower current-rating diodes, the characteristics of diodes

Fig. 18. Loss breakdown of prototype at nominal input voltage. (a) 100% load
conditions. (b) 10% load conditions.

are improved. Consequently, the proposed converter is suitable
for low to medium power applications with a 48 V system as an
alternative to the conventional AHB converter.
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