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ABSTRACT This paper proposes a single-stage bridgeless isolated AC-DC power factor correction (PFC)
topology, and this topology can realize the function of step-up and the galvanic isolation for the AC input
and DC output voltages through single-stage power conversion process. Firstly, the operation principle
of the topology is analyzed in details. Then, by reasonably designing the series resonant parameters,
the zero-voltage-switching (ZVS) turn-on for the power switches in the primary-side and zero-current-
switching (ZCS) turn-off for the output rectifier diodes in the secondary-side of the transformer can also
be achieved under wide load range, and the voltage stress of the power switches are also reduced based on
the active clamping technology. The design procedure for the key components of the proposed converter is
also derived. Finally, a 3 kW experimental prototype based on SiC power devices with 85 kHz switching
frequency is built to verify the correctness and feasibility of the proposed topology, and the experimental
results show a good performance. It can operates in a wide input grid voltage range, 95.7% of peak conversion
efficiency and 3.9% of total harmonic distortion(THD) value for grid current could be obtained.

INDEX TERMS AC-DC converter, power factor correction, series resonant, zero-voltage-switching,

zero-current-switching.

I. INTRODUCTION

In order to reduce the harmonic pollution to the power grid
and meet the harmonics regulations and standards of the
international electrotechnical commission(IEC) and institute
of electrical and electronics engineers(IEEE), active power
factor correction(PFC) technique is widely adopted for many
AC-DC converters, and these AC-DC equipments are widely
used for uninterruptible power supply, communication power
supply, electric vehicle on-board charger, programmable AC
power source and others [1]-[3].

Isolated AC-DC PFC converters are becoming necessary
for many industrial applications [4], [5]. The conventional
isolated PFC topology has two stages, the first stage is
implemented for rectifier and PFC functions, and the rear
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stage is designed for output voltage regulation and galvanic
isolation [5]-[7]. Many combined topologies are proposed for
different industrial applications in pursuit of high conversion
efficiency and power density [8]-[10]. However, due to the
separated topology structure of the front and rear stages,
they have the disadvantages of high components count and
complex control strategies, which would lead to high cost,
large power losses and low conversion efficiency [5].
Single-stage isolated AC-DC PFC converters process the
power conversion only in one stage, and they have the fea-
tures of simple control structure, few components and high
efficiency, their topological structure and control strategy
become the research hotspot recently [11]-[16]. A single-
stage single-switch isolated converter which combines the
boost-like topology and forward topology is proposed in [11]
for low voltage and low power application, it is suitable
for wide range of line voltage applications with high factor
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values, but it remains the low conversion efficiency and
high grid current harmonic content. An improved single-
stage boost-flyback with a synchronous rectifier is proposed
in [12] for higher power factor and efficiency. A quasi-active
PFC scheme is also presented in [13], the input inductor can
operate in the discontinuous current mode (DCM), and the
performance of lower harmonic content and high power factor
could be achieved based on adding an auxiliary winding to the
transformer of the cascade flyback stage. In addition, many
new single-stage isolated topologies with soft-switching tech-
nique have been proposed for light-emitting diodes (LED)
driver applications [14]-[16]. However, these single-stage
isolated PFC topologies mentioned above are only suitable
for low power applications [4], [17]-[20].

For high-power AC-DC application, a 1.6kW single-phase
isolated Cuk PFC converter with digital double-loop control
method is proposed in [21], and nearly unity power fac-
tor(PF), low THD of grid current and fast dynamic perfor-
mance under load variation can be achieved, but only 91%
of the conversion efficiency can be obtained due to the exis-
tence of input diode rectifier bridge and the hard switching
operation state of the power devices. A novel bidirectional
single-stage 1.5 kVA AC-DC converter for single-phase EV
charging application is introduced in [22], it consists of a
current-fed half-bridge converter on the primary side and
a full-bridge converter on the secondary side of a high-
frequency transformer, newly modulation method and control
strategy are also presented to guarantee the soft switching
condition for power switches in both direction of power flow,
and almost 2.5% THD, up to 96.5% conversion efficiency
can be achieved for full-load conditions. In [23], a 3 kW
single-stage bridge-type AC-DC isolation converter with the
current-fed full-bridge topology is proposed for high power
PFC applications, zero-current-switching (ZCS) operation
is realized for all power switches, but the THD value is
over 5% at the rated power, and the input diode bridge
still remains, the measured peak efficiency is around 93%
to 94%. A combined phase-shift and frequency modulation
for the 3.3 kW dual-active-bridge(DAB) AC-DC converter
with PFC is presented in [24], it could realize the ZVS
over the whole AC mains voltage period, the high power
density, a wide output voltage range and a measured effi-
ciency of 95% for 350V output voltage can be obtained, but
the drawback of complex control strategy and utilization of
two many power devices still remains. A 1.4kW single-stage
AC-DC converter based on dual active bridge is proposed
in [25], ZVS operation for the input-side power switches
and ZCS operation for the output-side power switches can
be achieved under certain load conditions, the maximum
conversion efficiency can reach 96%. A 3.3kW bidirectional
single-stage AC-DC converter by integrating the interleaved
totem-pole PFC converter with the DAB is proposed in [26],
the measured efficiency for both forward and reverse modes is
almost identical with peak efficiencies of 96.7% and 96.2%
respectively. But these topologies mentioned above use too
many power switches, which will lead to high hardware costs.
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In this paper, a novel single-stage AC-DC bridgeless iso-
lated PFC for programmable AC power source application is
presented as shown in Fig.1. ZVS of power switches on the
primary side and ZCS of rectifier diodes on the secondary
side of the high-frequency(HF) transformer can be achieved
based on the resonant soft switching technique. It can operate
with high input PF, wide range of input voltage and low
THD value of grid current. Moreover, as the reduction of
the input diode rectifier bridge and the soft-switching opera-
tion for power devices, the remarkable conversion efficiency
of 95.7% can be achieved.

This paper is also organized as follows. The topology
and operation principle of the proposed single-stage isolated
AC-DC resonant converter are illustrated in section II. The
details of the steady-state analysis and design considera-
tion are also introduced in section III and IV respectively.
In Section V, experimental results are shown to demonstrate
the feasibility of the proposed single-stage topology based on
a 3 kW prototype. Finally, the conclusion for this paper is
contained in Section VL.
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FIGURE 1. Topology of the programmable AC power supply.

Il. PROPOSED SINGLE-STAGE AC/DC CONVERTER

A. CONFIGURATION OF THE PROPOSED

AC-DC CONVERTER

The topology of the programmable AC power supply is
shown in Fig.1. It consists of two part: AC-DC rectifier and
DC-AC inverter. The proposed single-phase single-stage iso-
lated bridgeless AC-DC PFC converter is applied to AC-DC
rectifier part. For inverter part, two single-phase full-bridge
inverters would be connected in series or parallel for high or
low output voltage applications because of the wide range AC
output voltage. Therefore, the secondary side of the isolated
AC-DC converter’s transformer has two windings for two
independent output voltages. Since the two windings are
identical, just only one winding is taken into consideration to
simplify the analysis. The simplified circuit of the proposed
single-phase single-stage isolated PFC converter is shown
in Fig.2.

The proposed AC-DC topology is comprised of bridge-
less rectifier diodes, series resonance circuit, active-clamped
circuit, HF transformer and output rectifier diodes circuit.
The bridgeless rectifier topology consists of two main power
switches S1, S and two diodes Dj, D, and the two power
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FIGURE 2. Simplified circuit of the proposed single-phase single-stage
isolated PFC converter topology.

switches are driven by the same logical pulse width modula-
tion(PWM) signal. The auxiliary power switch S3 and clamp
capacitor C,. is composed of active-clamped circuit, and it
could limit the voltage stress of main power switches. The
inductor L,, capacitor C,, on the primary side and capacitor
C on the secondary side of HP transformer 77 constitute
the series resonant circuit. By designing the parameters of
resonant circuit reasonably, ZVS turn-on of the main switches
S1, 82 and auxiliary switch S3 and ZCS turn-off of output
rectifier diodes could be realized. In order to improve power
density and conversion efficiency, SIC MOSFETs are used for
power switches. Dg, and C;, represent the anti-parallel diode
and parasitic capacitor of the power switch S, respectively,
where x = 1, 2 and 3.

B. OPERATION PRINCIPLE
In order to simplify the theoretical analysis, the following
assumptions are made:

(1) As the switching frequency f; is much higher than the
AC input voltage frequency f, it is assumed that the AC input
voltage is constant within each switching frequency.

(ii) Input inductor L, resonant capacitors C,, and Cj, reso-
nant inductor L,, clamping capacitor C. and output capacitor
C, are ideal components, and C,,,Cs; < C, L, <L.

(iii) The HF transformer is also an ideal electrical com-
ponent, and the turns ratio of primary and secondary side
satisfies ny:ng= n:1.

(iv) Output filter capacitor C, and clamping capacitor C,
are large enough, and the values of output voltage U, and
clamped capacitor voltage Uc, almost remain unchanged
within each switching period.

(v) The resonant inductor L, and equivalent capacitor C,
constitute the series resonant circuit, where capacitor C,, and
C consists of resonant capacitor C,, and f, = 1/(2n /L, C,).
Resonant frequency f;- is higher than the switching frequency
fs. In order to facilitate designation of the controller and
realize the soft-switching operation of the power devices,
the conduction time of the main power switches S; and S»
must satisfied T, > 0.5T}, where T, = 1/f;.

In order to describe the soft-switching process for the
power devices, the operation principle will be analyzed in
details when the AC input voltage is in the positive half of
voltage period, which is shown in Fig.3. When the AC input
voltage is in the negative half of voltage period, the situation
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FIGURE 3. Typical operating mode of the proposed single-stage isolated
bridgeless converter. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4.
(e) Mode 5. (f) Mode 6. (g) Mode 7.
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is similar. Assuming that the converter operates in continuous
conduction mode(CCM), and there are seven different oper-
ating modes. The voltage and current of operation waveforms
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FIGURE 4. Operating waveform of the single-stage bridgeless PFC
converter.

are also shown in Fig.4. A detailed description of each oper-
ation mode will be given below.

1) MODE 1 (to-t;)

This stage begins when the energy stored by the parasitic
capacitor Csy of the main switch S, is released. At time fo,
the anti-parallel diode Dg, of the main switch Sy starts to
conduct, and the bulk diode Dg; of the main switch S; has also
conducted, ZVS turn-on for both main switches S| and S5 is
realized. During this process, auxiliary switch S3 is turned off,
and the output rectifier diodes D3 and Dg conducts. Attime #1,
the resonant inductor current i;,, becomes zero, the resonant
capacitor voltage Uc, reaches the maximum voltage Ucp(max)
and ZCS turn-off for the output rectifier diodes D3 and Dg
also could be realized.

There are two circuit loops on the primary side of the
transformer. The first circuit loop consists of AC voltage Uj,,
inductor L, main switch S, resonant capacitor C,, resonant
inductor L, and diode D;. The other circuit loop consists of
main switch Sy, resonant capacitor Cp, resonant inductor L,
and the main switch S5.

2) MODE 2 (t;-t;)

At this stage, main switches S; and S, remain conduction,
auxiliary switch S5 is still turned-off, and the input inductor
L is linearly charged by the AC input voltage Uj,. As the
direction of resonant inductor current iz, changes, the output
rectifier diodes D4 and Ds begin to conduct. The current
flowing through the main switch S, equals to the sum of input
inductor current i;, and the resonant inductor current i;,.. The
series resonant circuit resonates until the resonant inductor
current iy, becomes zero at time #,. The input inductor iy,
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resonant inductor current i;,» and resonant capacitor voltage
Ucp can be expressed as

ir(t) = %(l — 1) +ir(t) (D
iLr(t) = iLr(max—)sin(w,(f —11)) 2
Ucy(t) = iprmax—yZreos(wr(t — 1) — 1)+ Ucgp(t1)  (3)
isa(t) = ip(t) — ir,(t) 4)

where, i1,(max—) represents the negative peak value of reso-
nant inductor i;,, Z, = /L, /C,), v, = J/(L,C,), C, =
CyCs/(n*Cp + Cy).

In this process, resonant capacitor C;, on the primary side
of the transformer begins to discharge. As the conduction
time of main switch S, is greater than or equal to half of the
resonant period(7,, > 0.57}), resonant inductor iz, becomes
zero at time 1, the resonant capacitor voltage Uc, drops to
the minimum value of Ucp(min). The operation principle of the
resonant capacitor Cs on the secondary side of transformer is
similar to capacitor Cp,. The duration of this mode is exactly
equal to half of the resonance period(0.57;). The ZCS turn-
off for the output rectifier diodes D4 and Ds also could be
realized.

There are also two circuit loops on the primary side of the
transformer. The first circuit loop consists of AC input voltage
Uj,, inductor L, main switch S> and diode D;. The other
circuit loop consists of main switch S7, resonant capacitor
Cp,resonant inductor current iz, and the main switch S5.

3) MODE 3 (t,-t3)

As shown in Fig.3(c), main switch S, remains conduction and
the inductor L is still charged by the AC input voltage, induc-
tor current i;, continues to increase. As the resonant inductor
current i;, becomes zero, the current flowing through the
main switch S is equal to the inductor current i . The output
filter capacitor C, on the secondary side of the transformer
provides energy for the load. This stage ends at the time f3,
when the main switch S, is turned off. The current flowing
through the main switch S and the capacitor Uc, can be
expressed as

Uin .
is2(t) = ip(t) = T(t — )+ i) ©)
Ucp(t) = Ucp(ry) = Ucpmin) (6)

There are only one circuit loop on the primary side of the
transformer, and it consists of AC voltage Uj,, inductor L,
main switch S» and diode D,. All the diodes of the rectifier
bridge on the secondary side of the transformer are in the
off-state.

4) MODE 4 (tz-t)

As shown in Fig.3(d), main switch S5 is turned off at time 73,
and the auxiliary switch S3 does not turn on. The inductor
current iy charges the parasitic capacitor Cgsy of the main
switch S5, and discharges the parasitic capacitor Cs3 of the
auxiliary switch S3. As the value of parasitic capacitor Cg3
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is small, the anti-parallel diode Dg3 will conduct quickly,
and the input inductor current i;, also charges the clamping
capacitor C.. The series resonant circuit composed of reso-
nant inductor i;, and equivalent capacitor C, starts to resonate,
the resonant inductor current i;, increases from zero, and the
output rectifier diodes D3 and Dg start to conduct. The para-
sitic capacitor voltage Ucy; of the main switch S rises from
zero until it reaches the clamping capacitor voltage Uc,. The
input inductor current iy, the drain-source voltage Ucy, of
the main switch S, and the resonant inductor i, are obtained
from equations (7),(8) and (9) respectively

Ui, — Uce .
iL(t) = +(”)a — 1) +iL(t3) )
Ucan(t) = és—;a —13) )

i () = iLr(max+)Sin(a)r(t —13)) = ip(t) — ice(t) 9)

During this interval, the charging time of parasitic capac-
itor Cg2 and discharging time of parasitic capacitor Cg3 are
very short, and the anti-parallel diode Dg3 of auxiliary switch-
ing S3 starts conduction. As the value of clamping capacitor
C. is much higher than parasitic capacitor Csy and Cs3,
the capacitor voltage Uc, almost remains constant. The time
interval of this stage can be obtained as

UccCs2

Atz =14 — 13 = (10)

152(13)

In order to realize the ZVS turn-on condition for auxiliary
switch S3, the energy stored in inductor L must be greater than
that stored in parasitic capacitors Csy and Cg3, that is, it must
be satisfied

_ (G52 + Cs3)Wce(t3))’
i (13)

There are three circuit loops on the primary side of the
transformer. The first circuit loop consists of AC voltage U,
inductor L, main switch S and diode D;. The secondary
circuit loop consists of AC voltage Uj,, inductor L, main
switch S7, auxiliary switch S3, clamping capacitor C. and
diode D;. The third circuit loop consists of AC voltage Uj,,
inductor L, main switch S, resonant capacitor C,,, resonant
inductor current iz, and diode D5.

L

(11

5) MODE 5 (t;-ts)

As shown in Fig.3(e), the driver signal becomes high for
auxiliary switch S5 at time #4, the ZVS turn-on for auxiliary
switch S5 could be realized because of the conduction of anti-
parallel diode Dg3. The input inductor current i; decreases
with the slope of (U;, — Uc¢)/L, and the clamping capaci-
tor current ic, becomes zero at time t5. Since the resonant
inductor current iz, keeps charging the resonant capacitor
Cp, the resonant capacitor voltage Uc), increases. The input
inductor current iy can be expressed as

Uin — Uce(ts)

7 (t —12) +i(14) (12)

i(t) =
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There are also two circuit loops on the primary side of the
transformer. The first circuit loop consists of AC voltage Uiy,
inductor L, main switch S, auxiliary switch S3, clamping
capacitor C, and diode D,. The other circuit loop consists
of AC voltage Uj,, inductor L, main switch Sj, resonant
capacitor Cp, resonant inductor i, and diode D;.

6) MODE 6 (t5-tg)

As shown in Fig.3(f), when the resonant inductor current iy,
is equal to input inductor current iz . The current ig3 becomes
zero and starts to flow from the drain to the source. At time
16, the auxiliary switch S3 is turned off, and this stage ends.
During the interval, the direction of resonant inductor i,
is always positive, and the resonant capacitor C, is always
charged. The resonant capacitor voltage Uc, increases, and
the diodes of D3 and Dg on the secondary side of the trans-
former conducts.

There are also two circuit loops on the primary side of the
transformer. The first circuit loop consists of AC voltage Uy,
inductor L, main switch S, resonant capacitor C,, resonant
inductor i, and diode D;. The other circuit loop consists of
auxiliary switch S3, clamping capacitor C., resonant capaci-
tor C,, and resonant inductor iz .

7) MODE 7 (tg-t7)

As shown in Fig.3(g), at time #¢, auxiliary switch S3 is
turned off, and the resonant inductor current iz, discharges
the parasitic capacitor Csy of main switch S and charges the
parasitic capacitor Cs3 of the auxiliary switch S3. Resonant
inductor current i;, begins to decrease, but the direction
remains positive. In order to ensure the ZVS turn-on for the
main switch S», the parasitic capacitor voltage Ucso needs to
be zero before the end of this stage to enable the conductions
of the anti-parallel diode Dgs,. Therefore, the electric energy
stored in the resonant inductor iz, must be larger than that
stored in the parasitic capacitor Csy, so that the energy stored
in the parasitic capacitor Cs is completely released. The
resonant inductor L, must meet the following requirements

_ (Cs2+ Cs3)(Ucelto))®
iz, (t6)

At time #7, as the conduction of anti-parallel diode Dss,
ZVS turn-on condition can be achieved for main switch S,
if the driver signal becomes high level, and the next switch
period begins.

There are also two circuit loops on the primary side of the
transformer. The first circuit loop consists of AC voltage U,
inductor L, main switch S, resonant capacitor C,, resonant
inductor i, and diode D;. The other circuit loop consists of
auxiliary switch Sy, resonant capacitor C,, resonant inductor
ir, and main switch S».

It should be noted that when the input grid voltage or load
changes, some of the power devices may not work in the soft-
switching condition, and the corresponding working mode
would be slightly different, but overall the operation process
is similar. In order to avoid repetition, it will not be described

L (13)
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FIGURE 5. Equivalent circuit of the proposed single-stage isolated
converter. (a) When main switch S, is turned on. (b) When main switch S,
is turned off.

in details here. The soft-switching operation condition for the
power switches will be introduced in the following section.

lIl. STEADY-STATE ANALYSIS
A. VOLTAGE GAIN
In this section, the voltage gain of the proposed topology
will be discussed for details. When the AC voltage Uj, is
positive, the equivalent circuit of the proposed topology could
be simplified as shown in Fig.5. Fig.5(a) and (b) present the
the equivalent circuit of the main switch S» in on-state or
off-state respectively. When the main switch S is turned off,
as the clamping capacitor C. is relatively large, the clamped
capacitor voltage Uc, is almost constant during this interval,
and the current ic. is close to zero, so the clamped circuit can
be ignored for simplicity. When the main switch S3 is in the
conduction state as shown in Fig.5(a), the voltage at both ends
of the inductor L is Uj,, and the products of volt-seconds is
U;,DTs. Where, D and T represent the duty ratio of the main
switch S»> and switch period respectively. When the main S
is in the off state as shown in Fig.5(b), the resonant inductor
L, is in series with C,, and the average voltage at both end of
the resonant inductor iy, is zero. Similarly, the product of the
volt-seconds at both ends of the inductor L can be expressed
as (2nUg — U;)(1 — D)T;. Based on the principle of volt-
seconds balance of the input inductor L, equation (14) can be
obtained as

UinDTs = (2nUp — Uip)(1 — D)T (14)
and the ratio of output voltage U, to input voltage U;, can be
obtained as

Yo - ; (15)
Uy, 2n(1-D)

When the AC voltage Uj, is negative, the same expression
of voltage gain can be obtained based on the similar analytical
method, and the voltage gain M of the proposed topology is
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expressed as

U, 1
M = =
|Uin| ~ 2n(1 — D)

(16)

B. ZVS AND ZCS CONDITION

Based on the analysis of the aforementioned section II,
in order to realize the ZVS turn-on of the main switch S5,
the energy stored in resonant L, should fully charge the
parasitic capacitor Csy of the main switch S> and discharge
the parasitic capacitor Cg3 of switch S3, and enable the anti-
parallel diode Dg; of the main switch S to conduct. In this
case, the current flowing through the main switch S, should
meet the requirement of is2(fg) = ir(fo) — ir-(t9) < 0, which
satisfies equation (17) and (18).

is2(t0) = iLmin) — iLr(fo)

Po DTsUin .
= — — — i
Uin oL Lr(max+)
. & _ DTsUin _ 10
Uin 2L 4nC,fsZy
x sin(w,(1 — D)Ty) 17
1 2 2
E(Lr Ir(max+) — LlL(min))
1
> 5(Cs2 + Cs3) U, (18)

The situation for switch S is similar when input AC
voltage U, is negative. In order to realize the ZVS turn-on
condition for auxiliary switch S3, the current i; stored in
the inductor L discharges the parasitic capacitor Cs3 of the
auxiliary switch S3 and charges the parasitic capacitor Cg»
of the main switch Sy, and enables the anti-parallel diode
Dg3 of the auxiliary switch S3 to conduct, which satisfies
equation(19) and (20).

is3(13) = ip(13) — irr(t3)
= iL(max)
P, DT,U;,
= — 19
U, + oL (19)
1 5 1 2
ELIL(,WH) > E(Csz + Cs3)Ug, (20)

In fact, at time 73, resonant inductor current iz, is zero, and
equation(20) can be easily satisfied with large input inductor
L and small parasitic capacitor Csp,Cs3. The ZVS condi-
tion for auxiliary S3 can be realized nearly in overall load
range. equation(18) may not be satisfied with a small resonant
inductor L, or light load. With large resonant inductor L,
and small input inductor L may extend the ZVS range, but
it would lead to large ripple current of iy, and it should
be chosen based on the tradeoff between power losses and
current ripple of the whole system.

The ZCS condition for output rectifier diodes can be easily
deduced according to mode 1 and 2 in section II. When the
nonconduction time of the switch S; or Sy is greater than
half of the resonance period, D3 and D¢ can work in ZCS
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condition, which satisfies

|Uin|

Do) Ts = ( U, )T = 2T 21

Toﬁ‘fmin =(1-

Similarly, the ZCS operation condition of diodes D4 and
Ds can be obtained based on equation (22)

U; 1
'g%n>5n (22)

o

Tonﬁmin = DyinTy = (1 -

where, D, T and T, represent the duty ratio of switch S; or
S>, switching period and resonant period respectively.

Cl‘ Lr—>iLr
W
+ B+ D] S3
_’_lL> e S, N - cr
U, L +Ss

FIGURE 6. Equivalent circuit with the secondary quantities are referred to
the primary.

C. VOLTAGE STRESS ANALYSIS

In order to simplify the analysis, the winding on the secondary
side of the HF frequency is referred to the primary side, and
the equivalent circuit is obtained as shown in Fig.6. The max-
imum voltage stress of the main switch can be expressed as

Usiinax) = Us2max) = 20U, + Ucr(nax) (23)

When the system works stably, the current flowing through
the diodes of Ip4(avg) and Ips(ave) satisfies that

Iy

ID4(avg) = ]DS(avg) = E

%) 1
= _/ UCr(max)Sln(wrt)dt

= _/ ‘l UCr(max)Sln(wrt)dt (24)

And Ucy(max) also can be deduced from equation (24)

I
Ucromax) = —— (25)
(rmax) 4nC.,fs

It can be easily analyzed that the maximum voltage stress
of auxiliary switch S3 satisfies

| Uin(max) |
1-D
The maximum voltage stress of diode D and D, also can
be derived as the equation (26).1t is also easy to conclude that
the voltage stress of rectifier diodes D3 ~ Dg on the secondary
side of the transformer are always equal the output voltage U,
regardless of the duty ratio D.

US3(max) = UCc(max) = (26)

UDl(max) = UDZ(max) = UCc(max) (27)
UD3(max) = UDS(mwc) = Uo (28)
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TABLE 1. Design specifications.

Parameter Value

AC input voltage range,U;, 175~265V
AC input frequency range, f4 47~53Hz
Input current ripple, /% 20%
Ouput voltage ripple,0% 5%

Turns ratio of the transformer ,n | 6:7

DC ouput voltage ,U, 300V
Rated power, P, 3000W

IV. DESIGN CONSIDERATION

In this section, the design consideration of the proposed
single-stage PFC converter is presented, and the detailed
specifications of the bridgeless AC-DC PFC converter is
shown in Table 1.

A. CHOSEN OF KEY COMPONENT

1) INPUT INDUCTOR L AND OUTPUT CAPACITOR C,
Assuming that the current ripple /% of the inductor is 20%
and the converter operates in CCM mode. Ignoring the power
losses and based on the equality of AC input power and DC
output power, it is easy to calculate the inductance value as

follows:
_ Uinmingpea) Dmin: _ g 411y 29)
SslLmax(peaiyd %

If the output voltage ripple is §% = 5%, the capacitance
value of the output filter capacitor C, can be easily calculated
according the equation(30)

P,
Co = ——— =3333uF 30
T 4,026% ! G0
Finally, standard values of the inductor L = 450uH and
capacitor C, = 3300uF are chosen for the experimental

prototype.

2) RESONANT INDUCTOR i;,, RESONANT CAPACITOR C;
AND CLAMPING CAPACITOR C¢

The resonant circuit is the core of the whole converter, which
is composed of resonant inductor iz, resonant capacitor C,
and C;. Reasonable desiganization of resonant parameters
can not only ensure the normal operation of the main circuit,
but also enable the power devices of the converter to work in
soft switching condition.

The selection of resonant inductor L, should ensure that
the main switch S; and S; can realize ZVS turn-on operation,
which satisfies equation (18) and (20). Finally, L, = SuH
and C, = 0.52uF are chosen for the resonant circuit, where
C = W Cp = 22uF, C; = 0.5uF and n = 6/7.
The resonant frequency can be calculated as f, = Wler =
98.7kHz. Meanwhile, as the conduction time of the main
switch S, or Sy satisfies T, > 0.5T}, and the soft switching
condition for the power components could be realized.

About the selection of clamping capacitor Cy, it is expected
that the value of the clamping capacitor would be as large
as possible, so that the voltage Uc. of clamping capacitor
will remain basically unchanged during the switch period 7.
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However, the clamping capacitor with an excessive capacity
will make the volume of the converter too large. In addition,
based on the operation mode 6 mentioned in section II, reso-
nant inductor L,, resonant capacitor C, and clamping capac-
itor C, will actually resonants when the auxiliary switch S3
turns off. Without considering the effect of clamping capaci-
tor C, for the main circuit, the value of the clamping capacitor
C. must be much greater than that of resonant capacitor C,,
so C. = 50ufF is chosen for the clamping circuit. As a result
of C. > C,, the voltage Uc, of clamping capacitor C,. keeps
almost constant during the switch period.

3) HF TRANSFORMER

The transformer must be designed to transfer the instanta-
neous input power of 3kW at the conditions of 85kHz switch-
ing frequency and 300V output voltage. Based on the analysis
mentioned in section II, as the existence of capacitors C,
and Cj in the primary and secondary side of the transformer,
there is no DC voltage component, it would greatly reduce
the volume of the transformer. The transformer is composed
of EE55 magnetic core, and two magnetic core are stacked
to increase the core area as shown in Fig.7. The copper foil
is used for the primary and secondary-side windings, and the
size is 0. 1mm (thickness)*27mm (width). The secondary side
of the transformer has two windings, and they are connected
in series when the output AC voltage of the corresponding
inverter is between 150V and 300V, when output voltage of
AC source is lower than 150V, these two wings are con-
nected in parallel. The turns of primary and secondary-side
are 6 and 7 respectively. Some key components for the PFC
converter are shown in Table.2.

(a) (b)
FIGURE 7. HF tranformer. (a) Winding diagram. (b) Physical model.

TABLE 2. Key components for the PFC converter.

Parameter Value
Input inductor, L 450uH
Resonant inductor, L, SuH

Primary resonant capacitor,C', 2.2uF
Secondary resonant capacitor,C's | 0.5uF

Output filter capacitor ,C, 2200uF

Sic Power MOSFETs ,S1 ~ S3 | C3M006509J]
Diodes, D1~ D2 C4D30120D
Diodes, D3~ Dg RHRP1560

B. CONTROL STRATEGY
The control block diagram of the proposed bridgeless iso-
lated PFC rectifier is shown in Fig.8, and the three electrical
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FIGURE 9. Experimental prototype of the single-stage PFC converter.

parameters of input AC voltage Uj,, inductor current iy and
output voltage U, are measured respectively, it is not neces-
sary to sense the positive or negative AC voltage cycle. The
driver logic signals for main switches of S; and S, are same,
and the driver signal of auxiliary switch S3 is complementary
to them. A standard PFC IC UC3854 could be chosen for
the controller, which uses average current-mode control to
accomplish fixed-frequency current control with stability and
low distortion of grid current.

V. EXPERIMENTAL RESULTS
In order to verify the correctness and feasibility of the
proposed sing-stage isolated bridgeless PFC converter topol-
ogy and its operation principle, a 3kW experimental proto-
type based on SiC power device is built as shown in Fig.9.
The HF transformer has two wings with rectifier diodes
on the secondary side and they are connected in paral-
lel. Due to the high switch frequency of the SiC power
devices, the standard low-cost IC of UC3854 is chosen as the
controller.

Experimental waveforms are measured at rated input AC
voltage of 220V and output power of 3kW resistance load.
Fig.10 shows the measured experimental waveform of input
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FIGURE 10. Experimental waveforms of input AC voltage U;,, input
inductor current i; and output capacitor voltage Uo.

AC voltage U, input inductor current 7, and output capacitor
voltage U,, it can be observed that the input inductor current
is sinusoid and in phase with the input voltage, and the output
capacitor voltage is stable at 300V. The input power factor and
the THD value of grid current are measured by analyzer Tek
PA3000, the PF value is as high as 0.995, and the THD value
is 3.9 %, it also can meet IEC 61000-3-2 standard.

The voltage of resonant capacitor C, in the primary side
and the capacitor C; in the secondary side of HF transformer
is measured as shown in Fig.11. Capacitor voltage Uc, and
U have the same phase angles, and the phase and amplitude
of the capacitor voltage Ucy is almost same with the rectifier
AC input voltage |U;,|, which is consistent with the analy-
sis of equivalent circuit in steady-state operation as shown
in Fig.5.

U (100V/div)
SN

i(204/div)

\
Ucl(100V/div)

{(2ms/div)

FIGURE 11. Experimental waveforms of resonant capacitor voltage Uc, in
primary side, input inductor current j; and resonant capacitor voltage U¢
in secondary side.

The experimental waveforms of ZVS turn-on operation for
main switches S, S7 are shown in Fig.12. When the driver
signal of the main switches become high, the voltage between
the drains and sources have been reduced to zero due to
the conduction of anti-parallel diodes, thus the ZVS turn-
on operation of the main switches can be realized. The soft-
switch operation principle of the auxiliary S3 is similar, and
the ZVS turn-on waveform is shown in Fig.13.

The soft switching waveform of output rectifier diodes D3
and Ds in the secondary side of HF transformer is shown
in Fig.14. The voltage waveforms of anode and cathode and
the conduction current waveform for the rectifier diodes D3
and Ds are shown in Fig.14(a) and Fig.14(b) respectively.
Due to the change of direction of resonant inductor iz, within
a switching cycle, the ZCS turn-off operation of the output
rectifier diodes D3 ~ D¢ can be achieved.
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FIGURE 12. Experimental waveform of soft switching operation for power
switches S; and S,. (a) ZVS turn-on for main switch S;. (b) ZVS turn-on
for main switch S,.
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FIGURE 13. Experimental waveform of ZVS turn-on for auxiliary
switch S5.
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FIGURE 14. Experimental waveform of ZCS operation for output rectifier
diodes D5 and Ds. (a) ZCS turn-off for diode D5. (b) ZCS turn-off for
diode Ds.

The conversion efficiency of the proposed single-stage
isolated converter is measured by Tektronix PA3000.
As the two-stage PFC topology proposed in [5] is widely
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TABLE 3. Performance comparison.

Input voltage | Output voltage | Output Switch Number of Number of magnetic Peak Control
Reference . . . Cost
range range Power | frequency switches components efficiency | complexity
Ref.[5] 85~265V 200~450V 3.3kW 200kHz 6 11\/{(21?:(1]5&;3? 4 93.6% Complexity High
Ref.[21] 220V 240V 1.6kW 25kHz ! I\S/Igiiﬁirs’ 3 91% Simple Low
Ref.[22] 120V 220~336V 1.5kVA 100kHz 8 MOSFETs 96.5% Simple Medium
5 MOSFETs, . .
Ref.[23] 208V 400V 3kW 10kHz 13 diodes 94% Simple High
Ref.[24] 207~253V 280~420V 3.3kW 12281;12 8 MOSFETs 3 95% Complexity | Medium
Ref.[25] 220V 60V 1.4kW 50kHz 8 %(gzl;lj:s 3 96% Simple Medium
Ref.[26] 220V 320~400V 3.3kW 100kHz 10 MOSFETs 4 96.7% Complexity High
Proposed 175~265V 300V 3kW 85kHz 3 MO.SFETS’ 3 95.7% Simple Low
4 diodes
LT
% i ] ‘4_“-\ / Power factor
........ Propased.in. this-papers g ..o o T i — \L\-.A*_‘ .
F . © i
94 | Proposed in [24] 1 A __—" H 0995
" PP T ~ b o
] . = . a X 8454 ) 2
Se2 . o \ ; 1 g —" ]
; F: Proposed in [5] 5 a0 P Hoss0 2
7777777777777777777777777777777777777777777777777777777777777777777777777777777 2 / ~
% = L E ey Conversion efficiency
ESU - . 935 ',/"
o e {0985
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500 1000 1500 2000 2500 3000 FIGURE 16. Measured efficiency curve and PF with different input voltage
Output Power (W) at 3 kW load condition.

FIGURE 15. Comparison of conversion efficiency with different
topologies at rated input voltage.

implemented in programmable AC source applications at
present, and it is compared with the proposed single-stage
isolated converter. Meanwhile, the 3kW single-stage iso-
lated ZCS current-fed full-bridge converter recently proposed
in [23] is also chosen for comparison as shown in Fig.15. The
conversion efficiency of the proposed single-stage topology
is significantly higher than the other two topologies, and a
peak efficiency of 95.7 % could be achieved.

The measured efficiency curve and PF value with different
input voltage at 3kW load condition are provided in Fig.16.
Nearly unity PF can be achieved and a high performance
of conversion efficiency is obtained over the entire range of
input voltage.

Fig.17 shows the power loss analysis of the components at
rated power when input voltage is 220V, and the loss calcu-
lation method for each component is routine [23], [24], [27],
[28]. All the results are at 85kHz switching frequency, and the
power losses will be lower with higher switching frequency.
As the ZVS turning-on condition for power MOSFETs,
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FIGURE 17. Loss analysis of the proposed PFC converter at rated power.

the switching losses can be minimized, and with the ZCS
turning-off condition for output rectifier diodes, the snub-
ber circuit is small or not necessary, this also improves the
conversion efficiency of the converter. The majority of the
power losses comes from the transformer, diodes and power
switches.

Table 3 shows the comparison between the proposed
single-stage birdgeless isolated PFC converter with the pre-
sented isolated AC-DC converter in [5], [21], [22], [23],
[24], [25] and [26], and the comparison results show that the
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topology proposed in this paper demonstrates a good perfor-
mance for single-phase high-power applications based on the
tradeoff of the cost, control complexity and the conversion
efficiency.

VI. CONCLUSION

In this paper, a single-stage bridgeless isolated AC-DC con-
verter topology with PFC is proposed for programmable AC
power source applications. The ZVS turn-on of main and
auxiliary switches and ZCS turn-off of output rectifier diodes
can be realized based on LC series-resonant technology
and active-clamping method under certain load conditions.
Finally, a 3kW experimental prototype based on SiC power
devices is built to verify the correctness and feasibility of
the topology, 95.7% of peak conversion efficiency and 3.9%
of grid THD current can be achieved. Some features of the
proposed single-stage isolated converter can be summarized
as follows:

1) Low cost and high energy conversion efficiency of the
proposed converter can be achieved because of few compo-
nents needed, elimination of the diode rectifier bridge, ZVS
turn-on for power switches and ZCS turn-off for output diode
rectifier bridge.

2) There is no need to detect the positive and negative half
cycle of AC input voltage as the two main switches are driven
by the same logic PWM signals.

3) The control circuit is simple and it could be easily imple-
mented by low cost MCU or available analog IC(UC3854).

The single-stage bridgeless converter topology proposed
in this paper can provide constant output voltage, low THD
value of grid current and nearly unity PF for programmable
AC power source applications with galvanic isolation, and it
can also be used in other applications, such as battery charges,
uninterruptable power supply, etc.
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