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Abstract—This article presents a modified asymmetrical half-
bridge flyback converter (AHBFC) to fulfill the single-stage step-
down ac–dc universal input voltage application. This topology is ob-
tained from the integration of a buck-type power factor correction,
an auxiliary energy buffer, and a conventional AHBFC. By sharing
common switches and utilizing transformer’s leakage inductor, the
single-stage circuit can achieve both high power factor (PF) and
low total harmonic distortion with the simple constant on-time
control while regulating the dc output voltage. In addition, it is
able to operate in universal input voltage with low dc link voltage
and low output voltage. Moreover, the zero voltage switching and
the zero current switching features of the power switches can
also be achieved. Detailed analyses and design procedures of the
proposed converter are given and verified by the experimental
results. Finally, the comparison with reported circuit topologies and
power loss analyses verified by experimental results are presented
to provide the insight of practical design.

Index Terms—Power factor correction (PFC), step-down ac–dc
converter, zero current switching (ZCS), zero voltage switching
(ZVS).

I. INTRODUCTION

THE ac–dc voltage conversion can be easily achieved by
using a full-bridge rectifier and a large output dc ca-

pacitor. However, this approach has the drawbacks of large
output voltage variation, low power factor (PF), and high total
harmonic distortion (THD), which will pollute the ac power
system and interfere with other electronic equipment. Therefore,
the ac–dc adapter with input power exceeding 75 W should
be capable of high PF and low THD, which is the feature
specified by international regulations such as EN/IEC 61000-3-2
Class D [1].

Due to the output voltage regulation for ac–dc adapter, an
additional dc–dc converter is in series with the power factor
correction (PFC) stage, which will reduce the efficiency because
of the two-stage power-processing. Besides, an additional circuit
stage requires extra components and will increase the circuit
complexity. To improve the efficiency and reduce the overall
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size and cost, a number of single-stage PFC circuits have been
presented and discussed [2]–[12].

To achieve higher efficiency, soft switching characteristics
have gained lots of attention for high switching frequency
applications. The active-clamp flyback converter can achieve
zero voltage switching (ZVS), but it has diode reverse recovery
issue and high voltage stress on the switch [13], [14]. The
asymmetrical half-bridge flyback converter (AHBFC) has the
ZVS features by utilizing the resonance of parasitic components.
Therefore, there is no need to add extra components. Moreover,
the voltage stress on the switch is confined to the input voltage,
making it suitable for high power applications. Besides, the
reverse recovery loss of the output diode can be minimized due to
its zero current switching (ZCS) [15], [16]. For reasons outlined
above, the AHBFC is commonly used for dc input applications
[17]–[19]. Nevertheless, the use of AHBFC for the ac input
application can only be found in [20]. However, due to the
step-down ac–dc conversion, the inherent dead-zone feature will
cause low PF and high THD problems. To solve this dead-zone
issue, an energy buffer can be adopted [21].

Therefore, a modified AHBFC, which is the fusion of a
buck-type PFC, an energy buffer, and a conventional AHBFC,
is proposed in this article. To accommodate the universal input
voltage range, the ZVS and ZCS operation of the power switches
with the asymmetrical pulsewidth-modulation (APWM) along
with the constant on-time control should be analyzed. Also, the
design procedure and power budget should be established for
practical engineering design. Thus, the proposed converter is
able to achieve universal input voltage with low dc link voltage
and low output voltage, and both high PF and low THD.

In this article, the circuit configuration and operation modes
of the proposed modified AHBFC will be introduced, followed
by the thorough circuit analyses. Then, based on the derived
mathematical equations, a practical design procedure can be
obtained. The experimental results of a prototype circuit are
presented to verify the performance of the proposed modified
AHBFC with desired features. Finally, the comparisons with
different circuit topologies and the power loss analyses verified
by experimental results are presented to provide the insight of
practical design.

II. CIRCUIT CONFIGURATION AND OPERATION MODE

Fig. 1 shows a two-stage circuit topology of the buck-type
ac–dc adapter. The first stage is a buck-type PFC and the second
stage is an AHBFC. A low pass filterLf andCf is used to smooth

https://orcid.org/0000-0002-6661-6874
https://orcid.org/0000-0001-9557-6050
https://orcid.org/0000-0002-6855-024X
mailto:d03921009@ntu.edu.tw
mailto:chli@princeton.edu
mailto:ntuymchen@ieee.org
http://ieeexplore.ieee.org


4614 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

Fig. 1. Two-stage circuit topology of the buck-type ac–dc adapter.

Fig. 2. Single-stage circuit topology of the proposed modified AHBFC.

out the high switching frequency current at the input line. The
ac line voltage is rectified by the bridge diodes followed by a
buck-type PFC. The switch S1−a controls the energy delivering
to the dc link capacitor Cdc. The buck diode Db provides the
freewheeling current path for the buck inductor L1, which op-
erates in the discontinuous conduction mode (DCM). The two
switches S1−b and S2 are operated asymmetrically with a short
dead-time to achieve ZVS and the duty cycle d is referred to
S1−b. Each switch is composed of an active switch, an intrinsic
antiparallel diode, and a parasitic capacitor. The transformer
T is modeled as the magnetizing inductor Lm, the leakage
inductor Lr, and an ideal transformer with turns ratio of Np:Ns.
The leakage inductor is used as the resonant inductor and is
much smaller than the magnetizing one. The resonance between
Lr and Cr allows the output diode Do to achieve ZCS. The
output capacitor Co is large enough that the output voltage Vo

is constant.
To improve the efficiency and reduce the overall size and cost,

a single-stage modified AHBFC is proposed and illustrated in
Fig. 2. Based on the operation principles and gating signals of
switches S1−a and S1−b in Fig. 1, one of them can be eliminated
by adding two extra diodes D1 andDS1 at the appropriate nodes.
The two switches S1 and S2 are operated asymmetrically with a
short dead-time to achieve ZVS while the duty cycle d is referred
to S1. To solve the dead-zone problem for the buck-type PFC,
an energy buffer should be adopted. For the modified AHBFC,
the energy buffer which consists of a buffer capacitor Ca, a
freewheeling diode Da, and a coupled inductor L2 is utilized.
The L2 is designed to be equal to the buck inductor L1, so the
voltage of Ca is equal to the voltage of dc link capacitor Cdc.
Therefore, the energy buffer can boost the rectified voltage so the
input current can flow continuously from the ac source within
a line period. Eventually, the proposed modified AHBFC can
achieve high PF and low current THD.

As shown in Fig. 3(a)–(g), the steady state operation of
the modified AHBFC can be divided into seven modes within

Fig. 3. Operation modes of the proposed modified AHBFC. (a) Mode I (t0
∼ t1). (b) Mode II (t1 ∼ t2). (c) Mode III (t2 ∼ t3). (d) Mode IV (t3 ∼ t4).
(e) Mode V (t4 ∼ t5). (f) Mode VI (t5 ∼ t6). (g) Mode VII (t6 ∼ t7).

a switching period Ts. Fig. 4 shows the corresponding key
waveforms. To achieve a high PF with a simple control method,
the buck inductor L1 is operated in DCM. The two switches S1
and S2 are operated complementarily with a short dead-time.
The dc link capacitor Cdc is large enough, so the dc link voltage
Vdc is almost constant in a switching period. Prior to Mode
I, the energy stored in the coupled inductor L2 is released
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Fig. 4. Key waveforms of the modified AHBFC.

completely, both the magnetizing inductor current ilm and
resonant inductor current ilr are negative, and the output diode
current ido is zero. The details of each mode are described as
follows.

Mode I (t0 ∼ t1): This is a dead-time interval since both S1
and S2 are off. Both ilm and ilr are negative in the previous
mode due to the resonant behavior of the inductor current. The
ilm will first flow through Cds2. After Cds2 is charged to Vdc,
the ilm will flow through Cdc and D1. The output diode Do is
reverse biased and the output capacitor Co provides power to
the load.

Mode II (t1∼ t2): This mode begins when a turn-on signal vgs1
is applied to the gate of S1 while ilr is still negative. After S1 is
turned on, bothDa andDb are reverse biased. The buck inductor
L1 starts to be charged through the rectified input voltage in
series with the buffer capacitor Ca, where the capacitor voltage
is decreased. Since vca can be approximated to Vdc in steady
state, the voltage across L1 is equal to the input voltage. This
mode ends when ilr reaches zero.

Mode III (t2 ∼ t3): This mode begins when ilr becomes
positive. At the beginning of Mode III, both Lm and Lr start
to be charged through S1, Ds1, Cdc, and Cr. Both ilm and ilr
are increased linearly. The Do is still reverse biased so Co keeps
providing power to the load. The L1 is still to be charged through
the rectified input voltage. This mode ends when S1 is turned
off.

Mode IV (t3 ∼ t4): This mode is another dead-time interval
since both S1 and S2 are off. The ilm will flow through Cds2 and
quickly discharge it completely. Because of the short dead-time
interval, the changes of ilm and ilr are very small. When S1 is
off, the Db is still reverse biased. The voltage on S1 is equal
to vbr + 2vca and that on Db is equal to Vdc − vca. The energy
stored in L1 is recycled to Ca through L2 and Da. The voltages
of L1 and L2 are clamped at vca with a turn ratio.

Mode V (t4 ∼ t5): This mode begins when Cds2 is discharged
to zero. The ilm will continue to flow through D2 and create
a zero voltage upon the switch S2. Within this mode, the S2 is
turned on before ilr becomes negative. Then, the ZVS feature
can be achieved. The stored energy in Lm is released to the load
through the transformer, forward bias Do and delivers energy to
the secondary side. Because of the conduction ofDo, the voltage
across Lm is clamped by the reflected output voltage. The ilm
will decrease linearly. On the other hand, the Cr and Lr will
begin to resonant and ilr will be deviated from ilm. The energy
stored in L1 is still recycled toCa through L2 andDa. This mode
ends when ilr drops to zero.

Mode VI (t5 ∼ t6): This mode begins when ilr changes its
direction due to the resonance. The operations of all components
are similar as Mode V. When ilr resonates to ilm before S2 is
turned off, the ido drops to zero and the ZCS feature for Do can
be achieved. It should be mentioned that both ilm and ilr can be
positive or negative when ilr resonates to ilm. The energy stored
in L2 is released completely, so the voltage across S1 is equal to
vbr + vca.

Mode VII (t6 ∼ t7): The mode begins when ilr = ilm and ido
drops to zero. A negative resonant current will flow through S2
and there is no energy transferred through the transformer to
the load. The Co provides power to the load. When S2 is turned
off, the operation mode goes back to in Mode I and the next
switching period begins.

III. CIRCUIT ANALYSIS AND DESIGN EXAMPLE

To simplify the steady-state analysis, several assumptions are
made: 1) The two switches S1 and S2 consist of MOSFET channels,
body diodes and parasitic capacitors. 2) The transformer T is
modeled as the magnetizing inductor Lm, the leakage inductor
Lr, and an ideal transformer with turns ratio ofNp:Ns. 3) The dc
link capacitor Cdc and buffer capacitor Ca are large enough, so
the voltages on these two capacitors are almost constant within
a switching period. 4) The buck inductor L1 and the coupled
inductor L2 are tightly coupled, so the leakage inductor can be
neglected.

To achieve high PF, the buck-type PFC is operated in DCM
over an entire line period. Due to the DCM operation and the
additional capacitor voltage provided by the energy buffer, the
input current iin with an additional input low pass filter can be
derived and expressed as

iin =
vin
2L1

d2Ts (1)

where d is the duty cycle of S1 and Ts is the switching period. It
should be mentioned that the operation of S2 will not affect the
buck-type PFC because of the current blocking diode D1. From
(1), it can be seen that iin is proportional to the sinusoidal input
voltage vin with a constant d operation.

The input power Pin can be obtained by taking the average of
the instantaneous line power over one line period by using (1)

Pin =
1

2π

∫ 2π

0

[vin × iin] dt =
Vm

2d2Ts

4L1
(2)
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where Vm is the peak value of the input voltage. The L1 can be
selected in accordance with the rated input power by (2)

L1 =
(Vmd)2Ts

4Pin
. (3)

The voltage transfer function of the buck-type PFC can be
obtained by applying the voltage-second balance theorem to L1.
When S1 is turned on, the voltage across L1 is Vm. When S1
is turned off, the voltage across L1 is Vdc. To ensure that the
buck inductor current il1 can be operated in DCM, the following
voltage transfer function should be satisfied

Vdc

Vm
≥ d

1− d
. (4)

Besides the desired buck-type PFC feature, the output voltage
is regulated by S1 and S2 with an appropriate d. It is assumed that
Cdc is large enough, so the dc link voltage Vdc is almost constant.
The average voltage, Vcr, of the resonant capacitor Cr, is related
to Vdc, d,Lm, and Lr by applying the voltage-second balance
theorem to Lm

(Vdc − Vcr)
Lm

Lm + Lr
d = Vcr (1− d) . (5)

From (5), the Lr which is much smaller than Lm can be elimi-
nated, so the Vcr can be obtained

Vcr ≈ dVdc. (6)

When S1 is turned on and S2 is turned off, as shown in Fig. 3(b)
and (c), the voltage across Lm can be expressed as (1-d)Vdc. It
should be mentioned thatLr is much smaller thanLm, soLr can
be neglected. When S1 is turned off and Vds2 becomes zero, as
shown in Fig. 3(e)–(g), the voltage acrossLm isVo·(Np/Ns). By
applying the voltage-second balance theorem toLm, the voltage
transfer function of the AHBFC can be determined as

Vo

Vdc
= n× d (7)

where n = Ns/Np is the turns ratio of transformer.
The CCM operation of Lm is preferred in order to increase

the utilization of transformer. As shown in Fig. 4, the difference
between ilm and ilr will flow through the output diode Do via
the transformer. Thus, the average magnetizing inductor current
Ilm is related to the turns ratio n and the output current Io as
shown in (8)

Ilm = nIo. (8)

The peak current Ilm_pk and valley current Ilm_vl of Lm can be
obtained by using (8) which should be plus and minus with a
half of current ripple on Lm, respectively

Ilm_pk = nIo +
Vo (1− d)Ts

2nLm
(9)

Ilm_vl = nIo − Vo (1− d)Ts

2nLm
. (10)

During the resonant period, the voltage on Lm is clamped by
the reflected output voltage while Lr and Cr form a resonant
path. The instantaneous current of Lm, ilm, during the resonant

period can be derived as

ilm = Ilm_pk − Vo

nLm
(t− dTs) . (11)

By using the current–voltage relationship for Lr, the resonant
inductor current ilr can be written as a second-order differential
equation, which is shown in (12)

ilr = −LrCr
dilr(t)

2

dt2
. (12)

By using Laplace transform to solving the second-order differ-
ential equation shown in (12), the instantaneous current of Lr,
ilr, can be derived as

ilr = Ilm_pk cos [ωr (t− dTs)]− Vo

nωrLm
sin [ωr (t− dTs)]

(13)
where the resonant angular frequency ωr is

ωr =
1√
LrCr

. (14)

The ZVS operation of the switch can be achieved when the
energy stored inLm is greater than that of the parasitic capacitors
of the two switches. In addition, a sufficient time segment for
the switching dead-time should be established for the resonance.
After a series of mathematical equation derivation, the Lm

and the minimum dead-time td for the ZVS condition can be
derived as

Lm <
(1− d)Ts

2
× Ro

n2
(15)

td > max

[
Cds1 × Vdc

|ilm_vl| ,
Cds2 × Vdc

ilm_pk

]
(16)

where Cds1 and Cds2 are the parasitic capacitors of switches S1
and S2, respectively.

For the ZCS operation of the output diode Do, the ilr should
reach the same amount of ilm within the resonant period before
the next switching cycle begins. Thus, the interval of Mode VI
of the modified AHBFC is determined by the resonant angular
frequency ωr, and the boundary conditions are d = dmax and
ilm(Ts) = ilr(Ts). By combining (9), (11), and (13) with the
boundary conditions, the following equation can be obtained[
n2Lm

Ro
+

(1− dmax)Ts

2

]
cos [ωbr × (1− dmax)Ts]

− 1

ωbr
sin [ωbr × (1− dmax)Ts] =

n2Lm

Ro
− (1− dmax)Ts

2
(17)

where ωbr is the boundary resonant angular frequency. It is very
difficult to obtain the value of ωbr from (17), directly. However,
by using numerical calculation, such as Bolzano’s Theorem, the
ωbr can be calculated. Moreover, the resonant capacitor must
satisfy the following constrain

Cr <
1

ωbr
2 × Lr

. (18)

Based on the operation modes and the derived equations, the
design of the proposed single-stage AHBFC with PFC feature
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TABLE I
SPECIFICATIONS OF THE MODIFIED AHBFC

Fig. 5. Measured waveforms of input voltage vin, input current iin, dc link
voltage Vdc, and output voltage Vo. (a) Vin= 110Vac. (b) Vin= 220Vac.

can be accomplished. The specifications shown in Table I is built
and tested. The designed procedure is described as follows.

Step 1) Determine n, d, and L1 at steady state. From (7), it can be
found that Vdc is related to n. To avoid high voltage on Cdc,
resulting in high voltage stress on other components, the n is
selected as 0.6. To fulfill the boundary condition of buck-type
PFC and the voltage transfer function of the AHBFC, the d
can be obtained by combing (4) and (7)

d ≤
−Vo ±

√
(Vo)

2 − 4Vmn (−Vo)

2Vmn
. (19)

To ensure that L1 can be operated in DCM at 90Vac input
voltage under full load condition, the maximum duty cycle
dmax is selected as 0.36 which is smaller than the theoretical
calculation from (19). The minimum duty cycle dmin is cal-
culated as 0.12 at 264Vac input voltage. From (3), the L1 can
be calculated as 52.5 μH due to the rated output power.

Step 2) Calculate Lm and Lr. According to (15), the maximum
Lm is calculated as 32.08 μH, but a smaller 30 μH magnetiz-
ing inductor is selected in practical. The Lr should be much
smaller than Lm so a 600 nH resonant inductor, which is 2%
of the magnetizing inductance, is selected.

Step 3) Calculate td, Cr, and fr. To ensure the ZVS operation
of S2, the td should satisfy (16), thus td is designed as 300 ns
which is larger than the minimum theoretical calculation. For
the ZCS operation of the output diode Do from (17), the
boundary resonant frequency fbr is calculated as 160 kHz.
Eventually, the Cr can be chosen from (18) as 1 μF and the
resonant frequency fr can be calculated as 205.5 kHz.

IV. EXPERIMENTAL RESULTS

A prototype circuit with the specification shown in Table I is
build and tested. Fig. 5(a) and (b) show the waveforms of input

Fig. 6. Functional block diagram of the APWM constant switching frequency
voltage-mode control.

Fig. 7. ZVS operation of S2. (a) Vin= 110Vac. (b) Vin= 220Vac.

voltage vin, input current iin, dc link voltage Vdc, and output
voltage Vo, for different line voltages. The vertical scales of vin
and iin in Fig. 5 are different. The iin is almost sinusoidal and
in phase with vin. Unlike conventional buck-type PFC, there is
no dead-zone appearing in the input current. Besides, the Vdc is
almost constant where it is 94.8 V and 187 V for different input
voltages. With the voltage feedback control by using Microchip
dsPIC33FJ16GS502, the Vo can be fixed to 19 V.

The control strategy adopted in the proposed converter is
the APWM constant switching frequency voltage-mode control.
The microcontroller unit dsPIC33FJ16GS502 is chosen to im-
plement the control strategy. The main concept for the APWM
constant switching frequency voltage-mode control is briefly
explained as follows.

The Vo_fb is the output voltage feedback signal, and the Vref

is a predetermined reference voltage. The voltage difference
between Vo_fb and Vref , error, is amplified by the proportional-
integral controller. Then the amplified error is compared with a
programmable build-in digital triangle ramp to generate a pair
of APWM signals with complementary duty cycle and fixed
switching frequency to control the two switches in the power
stage. The functional block diagram of the APWM constant
switching frequency voltage-mode control is shown in Fig. 6.

Fig. 7(a) and (b) show the turn-on transient of the gate signal
and the drain-to-source voltage of S2 under different ac mains
voltages. The vertical scales of vds2 in Fig. 7 are different. With
sufficient dead-time td = 300 ns, before S2 is turned on, its
drain-to-source voltage vds2 decreases to zero. Hence, the ZVS
operation for S2 can be achieved.

The measured waveforms of gate signal vgs1 for S1, the
resonant inductor current ilr, the output diode current ido, and
the output voltage Vo, under different ac mains are shown in
Fig. 8. The waveforms of ilr and ido agree with the simulated
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Fig. 8. Measured waveforms of gate signal for S1 vgs1, resonant inductor
current ilr , output diode current ido, and output voltage Vo. (a) Vin= 110Vac.
(b) Vin= 220Vac.

Fig. 9. PF and efficiency of the modified AHBFC. (a) PF curves. (b) Efficiency
curves.

ones. Before S1 is turned on, the ido has dropped to zero. It can be
seen that the diode current is zero at both the turn-on and turn-off
transients so the ZCS feature for output diode is achieved.

Fig. 9 shows the PF and efficiency under different line input
and output power conditions. The PF is nearly 0.99 at full load.
However, the efficiency is relatively low due to the nonoptimal
component selection and the extra energy buffer for solving the
dead-zone problem. Nevertheless, it is very difficult to make a
fair efficiency comparison among converters with different input
voltage ranges, output voltages, or rated powers. The efficiency
can be improved in the future if the power loss analyses are well
established.

V. DISCUSSION

The performance of a power converter can be evaluated by
different features such as input/output voltage range, dc link

TABLE II
OPERATING VOLTAGE LEVEL COMPARISONS WITH REPORTED TOPOLOGIES

TABLE III
PF AND THD COMPARISONS WITH REPORTED TOPOLOGIES

voltage level, PF, THD, efficiency, dynamic response, and re-
liability. The designers need to decide the tradeoff between
different performance requirements. For instance, it is very
difficult to make a fair efficiency comparison among converters
with different input voltage range or rated power. Nevertheless,
the power loss analysis is still essential for every practical design.
In this section, the key performance of the proposed converter is
compared with different circuit topologies published in literature
under similar operation conditions. In addition, the power loss
analyses for the selected components under different operation
conditions are evaluated. The measured converter efficiency
agrees with presented power loss analyses which are beneficial
to practical converter design.

A. Reported Topologies Comparison

Different circuit topologies from literature with similar oper-
ation conditions are selected for key performance comparison.
First of all, operating voltage level comparisons among different
reported circuit topologies are shown in Table II. It should be
noticed that all of them can achieve high PF and low THD. As
shown in Table II, [22] and [23] can achieve low voltage output
feature but cannot operate at high line condition. Although [24]
can accomplish universal input voltage range, it cannot meet
the low output voltage demand. Under the similar PF and THD
performance, the proposed circuit topology can achieve the
lowest output voltage level under the universal input voltage
range operation. Besides, the proposed one has the lowest dc
link voltage which implies that lower voltage-rating components
can be adopted.

For those circuit topologies that can achieve the low output
voltage with the universal input voltage range, their PF and THD
should be taken into account. Table III shows the PF and the 3rd
and 5th harmonics comparisons for different reported circuit
topologies in major journals. It can be seen that the proposed
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TABLE IV
POWER LOSS OF ACTIVE COMPONENTS

one can achieve the highest PF and lowest harmonics. Also, it
should be mentioned that the measured current harmonics of the
prototype can meet the IEC 61000-3-2 class D standard.

On the other hand, it is very difficult to make a fair efficiency
comparison among different circuit topologies with different
operation conditions. For instance, under the same rated power,
the lower the output voltage, the lower the efficiency it will be
due to the higher current conduction loss. However, the power
loss analyses of the proposed converter are required to improve
the efficiency.

B. Power Loss Calculation

Details of power loss calculation for the proposed converter
with selected components are described as follows. The con-
duction loss Pcond of the MOSFETs, S1 and S2, can be expressed
in (20), where Ids_rms is the root-mean-square (rms) value for
drain-source current and Rds(on) is the on-resistance. On the
other hand, the turn-on and turn-off switching loss, Psw_on and
Psw_off , are affected by the duration of the switching transient
and the time varying values of voltage and current on the
MOSFET. Usually, the switching transient can be divided into
different time segments, which are the delay time td, the rise time
tr, and the fall time tf . Theoretically, the turn-on and turn-off
switching loss,Psw_on andPsw_off , can be expressed as (21) and
(22), where vds and ids are the linearly approximated functions
for voltage across and the current through the MOSFET during
the switching transient. Variables Vds is the turn-off blocking
voltage, while Ids is the turn-on conduction current.

Due to the ZVS features, the turn-on switching loss of S2 can
be ignored. Based on the above mentioned power loss calcula-
tions and the characteristics of the two MOSFETs, SPA17N80C3
and STP14NK50Z, the power losses for full load with input
voltage 110Vac are shown in Table IV.

Pcond = I2ds_rms ×Rds(on) (20)

Psw_on =

(∫ td(on)

0

Vds × idsdt+

∫ tr

0

vds × Idsdt

)
× fs

(21)

Psw_off =

(∫ tf

0

vds × Idsdt+

∫ td(off)

0

Vds × idsdt

)
× fs

(22)

For the proposed converter, because the buck inductor L1 is
operated in DCM and the output diode Do has ZCS feature, all
diodes will be turned off at zero current. Therefore, the reverse
recovery time trr can be neglected, and the power loss of the
diode, Pd, can be calculated by using the forward voltage Vf

and the average conducting current Id_ave, as shown in (23)

Pd = Vf × Id_ave. (23)

For the proposed converter, the L1 is coupled to L2, via
a PQ3230 magnetic core, with DCM operation. The leakage
inductance is much smaller than the magnetizing inductance.
On the other hand, when S1 is turned off, the energy stored in
magnetizing inductance will be either transferred to L2 via L1

to charge Ca through Da or to charge Cdc via Db. Meanwhile,
the energy stored in leakage inductance will quickly release to
Cdc via Db. Because the leakage inductance is very small with
very limited stored energy by comparing to the large capacitance
Cdc, the discharging time will be very short. Eventually, the
voltage variation on Cdc caused by the released energy from
the leakage inductance can be neglected. In other words, the
leakage inductance does not affect the operation of the proposed
converter so the leakage inductance can be neglected in the
operation mode analysis. The transformer T is modeled as the
magnetizing inductor Lm, the leakage inductor Lr, and an ideal
transformer with turn ratio of Np:Ns. The filter inductor Lf is
used to attenuate the high frequency current harmonics at the
input terminal. The low permeability powder core CM358147
is selected.

The copper loss, Pcopper, of these magnetic components can
be determined by their rms currents and wire resistances. For
the transformer, both primary side and secondary side winding
should be taken into account as shown in (24). The derivation
of the rms current for each magnetic component of the modified
AHBFC is highly related to its operation condition. On the other
hand, both of the core loss and air gap loss of the magnetic
components should be determined according to the datasheet
provided by the manufacturing company.

Pcopper = I2pri_rms ×Rdc_pri + I2sec_rms ×Rdc_sec (24)

The capacitor’s power loss is mainly caused by its equivalent
series resistance (ESR) and the rms current flowing through,
which can be expressed as (25). The capacitor’s ESR value, as
shown in (26), depends on the operating frequency f, capacitance
C, and dissipation factor tan δ, provided by the manufacturing
company.

Pcap = I2c_rms × ESR (25)

ESR =
tan δ

2πfC
(26)

Based on the datasheet of the selected components as well as
the derived equations, the power losses of the modified AHBFC
under full-load condition with input voltage 110Vac are shown
in Table V.

From the power loss analyses of the selected components, the
calculated power loss is 21.05 W which is close to the measured
one, 23.1 W. It should be mentioned that the power losses of
Cf , Cbr, Cdc, D1, and Ds1 are neglected because they are much
smaller than others.
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TABLE V
POWER LOSS OF PASSIVE COMPONENTS

Fig. 10. Curves of power loss under different output power.

C. Component Parameters Evaluation

According to the power loss analyses listed above, it can be
observed that each component has various power loss under
different output power Po and dc link voltages Vdc. It also
implies that under different operating condition the power loss
of each component may vary. To achieve a better efficiency
performance for the proposed converter, the power loss under
different operation conditions for key components should be
conducted.

Fig. 10 shows the percentage curves of power loss for key
components when the input voltage is 110Vac. For low output
power, the conduction and switching losses of MOSFETs as well
as the core losses of inductors dominate the most of total power
losses. On the other hand, for high output power, the MOSFET’s
conduction losses and the diode’s losses occupy a large share
of total power losses. The curves for the conduction loss of
MOSFETs and the diode loss are relatedly flat for the medium and
heavy output power loads. It reveals that selecting MOSFETs and
diodes with smaller turn-on resistance can effectively improve
the efficiency.

Fig. 11 shows the percentage curves of the power loss under
different Vdc. It can be seen that the conduction losses of
MOSFETs have the largest power losses share under low Vdc

condition. From the operation principle, it is understandable that
higher peak current and rms current are generated when Vdc is
relatively low. According to the derived power loss equations,

Fig. 11. Curves of power loss under different dc link voltage.

it leads to the higher conduction losses on MOSFETs. As Vdc

increasing, the conduction losses of MOSFETs will be mitigated
so their power losses share will be decreased. On the other hand,
the percentage of the switching losses, diode losses, and inductor
core losses are increased due to the higher Vdc. Nevertheless,
the percentage of capacitor losses and inductor copper losses
are slightly reduced because of the reduced rms current caused
by the higher Vdc.

VI. CONCLUSION

A modified AHBFC to fulfill the single-stage step-down ac–
dc universal input voltage application is proposed. Due to its
single-stage structure, the simple constant on-time control can be
adopted to achieve both high PF and low THD while regulating
the dc output voltage. In addition, the proposed converter is able
to operate in universal input voltage with low dc link voltage
and low output voltage.

A 100 W prototype circuit is designed and implemented to
verify the performance of the proposed converter, which features
ZVS for the power switch and ZCS for the output diode. Also,
the design procedure and the power loss analyses verified by
experimental results are presented to provide the insight of
practical design.
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