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Resonant Bridgeless AC/DC Rectifier With High
Switching Frequency and Inherent PFC Capability

Hamed Valipour

Abstract—Boost-based converters are used in a variety of non-
isolated step-up applications, such as power factor correctors, be-
cause of their simplicity. The power density of these converters can
be increased in higher switching frequencies, which reduces the size
of the magnetic elements. This increases the switching losses, but
that can be solved by soft-switching techniques. This paper pro-
poses a resonant bridgeless power factor correction converter that
provides soft switching for all of the semiconductors. The proposed
structure can provide zero voltage switching for the switches and
zero current switching for the diodes. In the proposed structure,
the input current is inherently sinusoidal with low total harmonic
distortion, even with small inductances. Therefore, a high input
power factor is achieved without requiring a current control loop
in the circuit. This reduces the complexity of the control circuit.
An experimental prototype has been constructed to investigate the
validity of the claims. Experimental results show near-unity power
factor, as well as 2 % efficiency improvement at full load when com-
pared to a conventional interleaved boost converter with the same
components.

Index Terms—AC/DC converter, boost, bridgeless, high fre-
quency, new converter, power factor correction (PFC), resonant,
soft switching.

I. INTRODUCTION

N ORDER to be able to fulfill the requirements of the stan-

dards such as IEC61000-3-2, power factor correction (PFC)
converters should be employed [1]. Boost converters are tradi-
tionally used as the non-isolated PFC structures after a diode
bridge rectifier. This topology is widely used because of its sim-
plicity [2]-[4]. This converter has many advantages, including
its simplicity, but also has some disadvantages, namely higher
control complexity, high conduction losses because of the diode
bridge, and switching losses, which restrict the converter’s ef-
ficiency in higher switching frequencies[5]. The other popular
traditional solution is the Flyback converter, which is dominant
in isolated applications with very low power [6]-[8]. To solve
the aforementioned problems in the traditional boost converter,
many techniques have been proposed in the literature. The ideas
presented for increasing the efficiency can be divided into three
main categories.
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In the first category, soft-switching techniques are used to
reduce the switching losses [9]-[13].

In the second category, conduction losses are reduced by us-
ing techniques such as bridgeless, single-stage, parallel PFC,
and interleaving structures [11], [14]-[20]. Interleaved PFC is
an emerging solution that has become particularly popular in the
applications where a strict form factor has to be met, such as in
slim notebook adapters, LCD TVs, flat screens, and OLED light-
ing panels [21]-[23]. Ultra flat converters have recently been
proposed in some papers as a solution for providing power to
those applications [24], [25]. Interleaving consists of parallel-
ing two small stages in lieu of a bigger one, which may be more
difficult to design. This approach has several merits like ease of
implementation, use of more but smaller components, and better
heat distribution. To further decrease the conduction losses, the
input rectifier of the traditional PFC converter can be removed.
This results in the bridgeless interleaved PFC converter [26].
With this method, the number of the semiconductor elements is
reduced in the current flowing path.

In the third and last category, the first and second approaches
are combined to simultaneously provide soft-switching condi-
tions and reduce conduction losses [27]-[32]. There are two
types of soft-switching techniques presented in the literature:
providing soft switching for the PWM converters with constant
switching frequency, and resonant-based approaches with vari-
able switching frequency. Solutions based on constant switch-
ing frequencies usually need bigger sizes of inductors at the
input [33]. While variable switching frequency converters have
smaller inductors as resonant elements not as filter inductances
[34]-[39]. So, potentially, the variable switching frequency con-
verters have lower volume and weight. In [34] and [35], iso-
lated resonant converters are studied. They suffer from lower
efficiencies than their non-isolated counterparts because of the
transformer losses. Therefore, it is better to use a non-isolated
converter as a front-end PFC converter. Since a dc/dc converter
as the second stage is needed to provide the voltage regulation
for the load, this converter can provide the required isolation
at the same time. In [36], [37], and [40], a resonant bridgeless
PFC converter is proposed based on a resonant single-ended
primary-inductor converter (SEPIC) converter. These converters
have bridgeless structures, easy control with inherent PFC, and
soft-switching capability. However, some of the SEPIC struc-
ture’s problems still exist like the higher stress of the compo-
nents, the bulky capacitor in the SEPIC structure, and also lim-
ited soft-switching capability. In [38] and [41], the same idea
is presented in which soft-switching condition is provided by
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using an extra switch. So, the number of the active elements
is increased as well as the gate circuit required for the added
semiconductor. A bridgeless resonant buck PFC converter is
introduced in [39]. This converter provides soft-switching con-
dition for the semiconductor elements and has inherent PFC
capability. Therefore, the current loop can be removed in the
controller, making the controller circuit very simple. A similar
concept has been proposed in [42] for a buck converter with in-
herent PFC capability. However, in zero crossing points of the
input voltage, when the output voltage is higher than the in-
put, the input current is zero for a high fraction of the period.
Therefore, it needs large filter elements in order to compensate
the lower power factor when the output voltage is high. This
converter also draws discontinuous current at the input, increas-
ing total harmonic distortion (THD) and reducing the power
factor.

In this paper, a resonant bridgeless boost PFC converter is
proposed, shown in Fig. 1(a). The proposed circuit simultane-
ously provides many benefits: simple bridgeless and symmet-
rical structure, resonant behavior providing soft switching for
all of the semiconductors, intrinsic high power factor capability,
continuous input current with low ripples even with small induc-
tors with discontinuous conduction mode (DCM) currents, and
simple modulation and control circuit. The input current is con-
tinuous and divided equally between two input inductors even in
the lower parts of the input voltage in the line cycle. In addition,
in the proposed structure, soft switching is provided for all of
the semiconductors in the circuit. Zero voltage switching (ZVS)
is provided for the MOSFETs at turn-ON, and zero current switch-
ing (ZCS) is provided for the diodes at turn-OFF. Moreover, the
studied PFC converter has inherent power factor correction ca-
pability. In other words, as shown in Fig. 1(a), the converter
draws a sinusoidal input current when connected to a sinusoidal
input voltage without any current controller loops, making the
controller simple and easy to incorporate.

In Section II, the principles of operation for the proposed
converter is fully discussed. In Section III, related equations
and analysis necessary for the design stage are provided. De-
sign considerations have been provided in Section IV based
on the represented equations for a 400 W experimental setup.
To show the validity of the theoretical analysis, the proto-
type is constructed and experimental results are presented in
Section V.

II. PRINCIPLES OF OPERATION FOR THE PROPOSED RESONANT
BRIDGELESS PFC RECTIFIER

The principles of operation for the proposed converter is an-
alyzed in this section. The proposed bridgeless PFC rectifier
has a resonant behaviour to convert the input ac voltage to the
output dc, and also to draw a sinusoidal and continuous input
current from the grid. This resonant phenomenon in the circuit is
described in this section to show some of the benefits of the pro-
posed converter. In this section, the behaviour of the proposed
converter in different intervals of the line cycles and also the
switching cycles are investigated. Equivalent circuit of the pro-
posed converter as well as currents’ and voltages” waveforms in
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Fig. 1. (a) Proposed resonant bridgeless ac/dc PFC boost converter with
inherent sinusoidal and continuous input current without any current loops.
(b) Current and voltage waveforms of the circuit in a line-frequency cycle with
simple variable switching frequency modulation.

different intervals are also given in this section. The power stage
of the proposed converter is illustrated in Fig. 1(a). The simple
control algorithm used in the proposed converter is also shown
in Fig. 1(a). The operation of the converter is symmetrical in two
half-line cycles. Fig. 1(b) represents the line cycle waveforms of
the proposed converter. The equivalent circuit diagrams in the
positive and negative half-line cycles are illustrated in Fig. 2. As
seen in the figures, one switch leg is used in the circuit with S;
and S5. Two series diodes (D7 and D5 in the positive half cycle,
and D3 and D, in the negative half cycle) are used to prevent
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Fig. 2. Equivalent circuit of the proposed converter in (a) positive half-line
cycles, and (b) negative half-line cycles.

reverse power from flowing to the input. It will be shown in
this section that the input current is continuous during the line
frequency period, which is one of the benefits of the proposed
converter.

In order to simplify the analysis, it is assumed that all of the
circuit elements are ideal except for the MOSFETs. In the MOS-
FETSs, the parasitic drain—source capacitance is not neglected.
Considering the output capacitors of the MOSFETS is necessary
in order to show the ZVS conditions for the switches. The cir-
cuit operates at steady state and the output capacitors are large
enough to be considered as an ideal dc voltage source. It is
assumed that the inductors L, and Lo are equal, as the input
capacitors C; and Cs. Thus, each of the inductors and the in-
put capacitors can be shown with L and C, respectively, in the
equations. Because of the symmetrical operation in the pro-
posed converter in each of the half-line cycles, the analysis is
done during the positive portion of the input voltage. Then, it
can be extended to the whole range. Additionally, it is assumed
that the input voltage is constant in a switching cycle. This is
because of the high switching frequency in comparison with
the line frequency. Waveforms of the converter in a line fre-
quency cycle are shown in Fig. 1(b). The equivalent circuit of
the converter is given in Fig. 2(a) for the positive half-line cy-
cles, and in Fig. 2(b) for the negative half-line cycles. Moreover,
the equivalent active circuit and theoretical key waveforms in a
switching cycle scale are shown in Figs. 3 and 4, respectively.
These figures are describing the switching frequency operation
of the proposed converter in the positive half-line cycles. Since
the circuit is symmetrical, the switching operation of the pro-
posed converter is similar in both of the half-line cycles. As
seen, there are eight different operational modes for a switch-
ing cycle. Since the operation of the converter is symmetrical,
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only the first four modes are explained in this section. Before
the first mode, it is assumed that the drain—source capacitor of
the switch S is discharged. So, the parasitic capacitor of the
switch S5 is fully charged to the output voltage. Additionally, it
is assumed that the anti parallel diode of the switch S is conduct-
ing. At this moment, switch .S; can be turned ON under the ZVS
condition.

Mode I [tg <t < t1]shown in Fig. 3(a): This mode is started
when the body diode of the switch begins to conduct. Since the
body diode of S; is conducting, S; can be switched ON under
ZVS condition. In this mode, 7g; is negative and ramping up.
This mode ends when ig; reaches zero (at ¢1). At this moment,
the currents of the input capacitors become zero, and since ¢¢1
was positive before that, the voltage of C1 is at its peak and v
is at its lowest value in the switching cycle.

Modell [t1 <t < to] shownin Fig. 3(b): The current flowing
through D, and S is still charging inductor L, . Simultaneously,
Ly is supplying the load through D» and S;. Nevertheless, after
t1, the net current of L1 and L is positive flowing from the drain
to the source of .S7. During this interval, 7,1 is increasing and at
the same time 779 is decreasing. At ¢, i12 touches zero, which
forces the diode D5 to turn OFF under ZCS condition and con-
sequently stops the inductors from feeding the output capacitor.
As seen in Fig. 4, i1; and iz can be interpreted approximately
linearly from g to ¢5. During this mode, in order to simplify the
equations, the input capacitors’ voltages (vco1 and vee ) can be
considered to be constant as

ey

where vomax 18 the maximum voltage of the input capacitors in
a switching cycle. As stated, considering the voltage across the
input capacitors to be constant during this interval means that the
inductors L; and L, have constant voltages equal to vcmax and
Vin — UCmax — Vo, respectively. The equations for calculating the
inductors’ currents are represented as

ve1(t) = ver(t) = Vomaxs Vo2 (t) & Vin — Ucmax

VC'max
Ly

i1 (t) = (t —to) 2

Vout — Vin T VCmax

T 3)

Modelll [ty < t < t3] shownin Fig. 3(c): Once the diode Do
turns OFF, this interval begins. During this time, 71, is ramping
up through S7 and D1, and 75 is zero. At the same time, voy
decreases because of the negative value of 7¢1. On the other
hand, since i¢9 is positive, vcoo is increasing. Turning OFF the
switch S by the controller is the end of this interval. Since a
resonance between L; and the parallel combination of C; and
(s is happening during this mode, v and i7,1 can be expressed
with sinusoidal equations given by

(el (t) =

ir2 () =L, — (t —to).

t2))
—t9)). 4)

Resonant frequency or wy is the result of the resonance be-
tween each inductor (L or L9) and the parallel combination of
the input capacitors (C and C). Therefore, it can be defined as

UCmax COS (Wres (t -

. VC'max .
i1 = Z,8in (wres (
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(5). In addition, the impedance of the resonant elements is shown
with Z,., and is defined in (6). The resonant tank impedance or
Z,is just a definition that will prove useful in the analysis section
of this paper

1
res — 5
. 3LC ©)
L
Z’r‘ = A (6)
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Proposed resonant boost PFC converter structure in the positive half-line cycle during each switching cycle interval.

Moreover, (4) can be used to find a relationship between ¢ f,yax
and vomax, Which is given in by

VCmax
Z,

Z.Ll (tB) - iLmax == (7)

ModelV [ts < t < t4] shownin Fig. 3(d): Starting this mode,
the gate signal of S is turned OFF, which results in both switches
being OFF. Meanwhile, the current in Lo is zero, and 77,1 is expe-
riencing its maximum in the switching cycle or ¢ 1,n,x. Since the
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Fig. 4. Operating modes of the converter during switching cycle intervals.

The circuit works with simple variable switching frequency modulation and
complementary gate signals with 50% duty cycle. These waveforms are for the
converter at positive half-line cycles. The operation of the converter is the same
in the negative half-line cycles because of the symmetry in the topology.

current of an inductor cannot change suddenly, ¢7,; cannot reach
zero instantaneously, and the only way it can close its path, is
to flow through the drain—source capacitors in the MOSFETS. In
other words, it is helping to charge the drain—source capacitance
of 51 and discharge the capacitance of Sy. If S has a big ca-
pacitor across the drain—source, its voltage does not reach vy
suddenly, and this helps decrease the turn-OFF loss. This leads to
the reduction in % across the switches at turn-OFF moments. On
the other hand, if the parallel capacitance of the switch is chosen
larger, it takes more time and energy to discharge this capaci-
tor prior to turn-ON of the switch, risking the ZVS condition at
turn-ON. However, since the current for discharging the cap is

the maximum current of each inductor (7 7max), ZVS at turn-ON
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is achieved even under light loading conditions. At the end of
this interval, the voltage across the drain—source capacitance of
Sy reaches zero, and from this moment on, the inductor current
11,1 will flow through the anti-parallel diode of the switch S5.
During this interval, Sy can be switched ON with discharged
parallel capacitor or ZVS.

Because of the symmetry in the circuit, the next four modes of
operation [see Fig. 3(e)—(h)] are similar to the first four intervals
[see Fig. 3(a)—(d)] discussed in this section. In other words, as
seen in the first four intervals, switch S is going to be turned ON
under soft-switching conditions, but in the next four intervals,
S5 can be switched ON under ZVS. Therefore, the same pattern
is observed in terms of operation of the circuit in the second
four intervals, and the discussion would be very similar to that
of the first intervals. In Section III, mathematical equations of
the proposed converter are analyzed and presented.

III. PROPOSED CONVERTER’S ANALYSIS

In this section, the proposed converter is mathematically an-
alyzed. The proposed converter has a simple and symmetrical
structure, which makes the mathematical analysis easier. In this
section, the line frequency characteristics of the proposed con-
verter are investigated as well as the switching scale behaviour.
In the line frequency analysis, it will be mathematically shown
that the proposed converter has inherent PFC capability with-
out any current loops. It will be also shown that the proposed
converter draws continuous input current with low ripples, even
with the small inductances with discontinuous currents. These
characteristics happen with a simple variable frequency modu-
lation technique with 50% duty cycles in complementary mode.
In this section, the equations presented in Section II at each time
interval are used to enhance the analytical description of the
proposed structure. Switching cycle analysis is provided in Sec-
tion III-A, and Section III-B represents the analysis in the line
frequency cycles.

A. Converter’s Analysis in a Switching Cycle

In this section, the voltages and currents of the proposed cir-
cuit are analyzed at different time intervals in a switching cycle.
In order to have a better understanding about the behavior of the
converter, input and output currents should be first studied in the
switching cycle. In this section, some of the equations related
to the input and output currents are given. It should be men-
tioned that at this part, all of the converter characteristics like
Vin(¢) are assumed to be constant in a switching cycle, which is
fairly a valid assumption, because the switching cycle is much
smaller than a line frequency cycle. First, input capacitors’ volt-
ages are analyzed. As seen in Fig. 1(a), summation of v¢; and
vee 18 equal to the input voltage, which is assumed to have a
constant value in a switching cycle, while it is changing in a line
frequency cycle. Therefore, the following can be considered:

io=CLC Cc,=C,

)

ve1 + Vo2 = Ving) ic1 = —tic2.  (8)
By considering kirchhoff’s current law (KCL) in the positive

node of the input capacitor C; and the negative node of Cs, (9)



VALIPOUR et al.: RESONANT BRIDGELESS AC/DC RECTIFIER WITH HIGH SWITCHING FREQUENCY AND INHERENT PFC CAPABILITY 237

and (10) can be presented as

ir2 —ir1 _dp1 — L2

101 3 , Lo2 3 )

As can be seen in (10), input current (7;,) is the average of
the two inductors’ currents (27,1 and 775), which is the actual
reason why the input current is continuous despite the inductors’
currents being in discontinuous conduction mode
G = ir1 + iL2.

2

Since the duration of the mode IV (t3 < t < t4)is shorter than
the other intervals already discussed, it can be assumed that the
voltages and the currents of the circuit remain constant, so as
11,1 and izo. Utilizing (3), the maximum current of the inductors
(which is the same for both, because of the symmetry in the
circuit) can be calculated as

(10)

Vour — Vin(t) + VCmax(t)

T Lmax 2 I (t2 —to)- (11)
Moreover, 71,1 at to is given by
. VCmax(t
ir1 (t2) = Lia(f)(tz —to). (12)
1

Output current’s average value in a switching cycle is calcu-
lated in (13) based on the average value of 75 waveform. This
is done during the first and second intervals from g to to shown
in Fig. 4. Therefore, assuming (11), following can be written:

Vout — Vin(t) + VCmax(t) (t2 — t0)2
L2 TSw. .
Based on the continuous behavior of #;, shown in Fig. 4, con-

sidering (10) and (11), and with the fact that 4, max is half of
1 Lmax at 0, %in_max 1S analyzed as follows:

<10 > e = (13)

. Vout = Vin(t) + VCmax(¢)
Zin_max = o

(to — to). (14)
In addition, based on Fig. 4 at ¢5, and using (10) and (12),
%in_min 18 presented as

. UCmax(t)
Z1n_mm - 27, (tQ

As discussed, even with the discontinuous currents flowing
through the inductors in the circuit, input current is continuous,
which is one of the greatest benefits of this structure. The average
and ripple of the input current in a single switching period can
be calculated in (16) and (17) based on (14) and (15) as follows:

—tp). (15)

Vout — Vin(t) + 2UC‘max(t)
4L
Vout — Vin(t)
2L

Based on (7) and (11), (t2 — tp) can be calculated based on a
relationship between Vo, Vin(t), and vomax(1)» given by

<im > () = (16)

(t2 — to)

A (t) = (ta — to). a7

UCmax(t) Wres

Vour — Uin(t) + UC'max(t) .

(ty — to) = 2LC (18)

Replacing (18) in (13) and (16) eliminates the variables (to —
to), resulting in the simpler equations (19) and (20) that describe

the relationship for the average value of the output and input
currents in a switching cycle, respectively, as the followings:

Vour — Vin(t) + VCmax(t)
LT
% < 2LC UCmax(t) Wres )2
Vout — Vin(t) + VCmax(t)
Vour — Vin(t) + 2vaax(t)
4L
% ( 2LC VCmax(t)Wres )
Vout — Vin(t) + VCmax(t) .

<00 >fs,=

19)

<lin >fg,=

(20)

Output and input current averages over a switching cycle are
given in (19) and (20). As seen in Fig. 1, vomax(s) in a switch-
ing cycle is different from the absolute maximum of vEmaxpeak
in a line-frequency cycle. In other words, vomax(s) 1S @ sinu-
soidal function in the line cycles. Mathematical characteristics
of Vomax(r) are analyzed in Section III-B along with the other
characteristics of the converter in a line-frequency cycle. The
maximum value of the input capacitors’ voltages to the instan-
taneous value of the input voltage, or %‘(‘t‘)”, is a constant value

in the line cycle if the value of the switching frequency and load
remain constant. Since variable switching frequency modulation
is used in the proposed circuit, fs.,. and load are kept constant in
a line cycle. Therefore, Ui'“ﬁ remains constant during the line
VCmax(t)
i VCmax(t) ; ‘;lé';)axl’cﬂk

in o) being equal to ek, Vemaxpeak and Vippear are the
maximum values of the functions vomax(¢) and viy(y) in a line cy-
cle, respectively. In Section III-B, this simple characteristic will
prove very helpful in interpreting the line frequency content of

the input current in the proposed converter.

cycles. In other words, is kept constant, which results

B. Converter Analysis in a Line Cycle

In this section, voltages and currents of the proposed con-
verter are analyzed in the line frequency cycles. It is assumed
that the input voltage is a pure sinusoidal waveform. At the very
beginning, the equation for the input and output current will be
analyzed. It will be shown that the input current follows the input
voltage inherently with a simple constant frequency modulation.
In other words, with a sinusoidal input voltage, the input current
would be sinusoidal and continuous even with the DCM induc-
tors being used. This also means that the power factor of the
converter would be high with a simple frequency control with-
out the need to have a current loop. As stated, with a constant
switching frequency and load in a line cycle, <) remains
constant. Using this characteristic, (20) can be made simpler as
follows:

C (VCmaxPeak> Wres

. - Vinpeak
Lin(t) = Vin(t) 2

1

x [ 14+
= %ut + (1 _
Cmax(t)

1)
V{nPeak
VCmaxpeak
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As seen in (21), input current has two components in the
parentheses. The first is the constant 1 and the other is an ex-
pression comprising some constant ratios and the variable ratio
Uc‘ji”‘(t) If the second component appearing in (21) can be ne-
glected most of the time during a line frequency cycle compared
to the other component, it can be assumed with a relatively ac-
curate approximation that the input current is very close to a

sinusoidal waveform. The ratio vc‘/ﬁ varies with an ac input

voltage, and the circuit should be designed in such a way that the
variable Vomax(¢) is smaller than Vo As seen in Fig. 1(b) and
discussed in Section III-A, vomax(¢) is close to a sinusoidal func-

tion. Hence, if the circuit is designed in order to make FVOUL -
maxPea
Vout

Er—- being a small value and
thus negligible compared to (1 — %) As a result, i)
can be close to a sinusoidal function. The proposed circuit is
designed in Section IV to be compatible with the assumption
that was made. Hence, if the converter is working with constant
fsw. for a particular amount of load in the whole line frequency
cycle, the input current would be very close to sinusoidal, which
results in a high power factor. This means that the input current
loop is not needed in the structure in order to achieve a high
power factor, and as a result the control circuit is very simple.
As discussed, with a variable-frequency modulation in gate sig-
nals with 50% duty cycle, and sinusoidal input voltage, input
current is automatically sinusoidal. Therefore, input current can
be approximated to be a sinusoidal function in the equations in
a line frequency cycle and it is hereafter assumed to be. In order
to make the analysis simple, electrical variables of the circuit
are going to be normalized. In the normalization process, there
should be some reference values for the voltage, impedance,
frequency, and current. These definitions have been given in the
following:

as low as possible, it can lead to

Uret = ‘/iHRMS (22)
L
Tt = Zp =\ —= 2
of 5C (23)
fut = s = —— 4)
ref — Jres — 292 LC
. Uref ‘/inRMS
rof = = —. 25
Uref 7t Z. (25)

Using the definitions in (22)—(25), the variables in the pro-
posed circuit can be normalized as follows:

o fSw. o fS'w.

F, = 15w _ 26)
f ref f res
7 L
r 2C
% Rw P @7
Vz)ut VZ)ut
m’U = = 28
Uref ‘/inRMS ( )
VC maxPeak VC maxPeak
VCmaxn = = . 29)
¢ Uref Vinrms

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 1, JANUARY 2020

Using the definitions in (26)—(29), the equations can be made
simpler hereafter. The switching frequency has been normal-
ized in (26). So Fj, hereafter depicts the normalized switching
frequency. @) in (27) is the normalized value of the output ad-
mittance or the quality factor. m,, is the gain of the converter
defined in (28) as the ratio of the output voltage to the rms value
of the input voltage. AlSO vomaxy, 1S the representation of the nor-
malized value of the maximum voltage of the input capacitors
defined in (29). Considering the sinusoidal approximation for
1in and other parameters, and using the definitions in (26)—(29),
(19) and (20) can be used to reach (30). Also, n represents the
efficiency of the converter in (30) as

64F2Q x m> — 12V27%F, Q  x m?
+ (@ Qn? —4n Fyn?) x my +V2F, n* 72 = 0. (30)

Equation (30) has been solved numerically in different val-
ues of F,, and (). The solution for this equation has been drawn
in Fig. 5(a) for different values of the quality factor (Q)) and
the normalized switching frequency (F},). The definitions in
(26)—(29), along with (19) and (20), can lead to (31) represent-
ing the equation for calculation of vomaxy, in different values of
F,,. This equation has also been drawn for different values of
the quality factor (@) and the normalized switching frequency
(F}) in Fig. 5(b)

VCmaxn

_2Qm, (16F, m2 — (2V2nm? + 4V2F,7) m, + )

—8F,Qm m2 + (4\/§an + 7r3Q\/§77) My — 2F,nm
(31

As stated, the proposed circuit works based on the resonance
between the components in the circuit. Both of the input induc-
tors (L1 and Lo) and input capacitors (C7 and C5) participate
in the resonance. The maximum current of the inductors (7 7,max)
and maximum voltage of the capacitors (vomax ) are important in
selecting these components. The general relationship between
these two parameters is given in (7). As stated, in order to make
the analysis and design simple for the reader, variables are nor-
malized based on the references defined in (22)—(25). As seen,
I 1s defined as the ratio of the voltage reference (vref = Vinrms)
to the reference of the impedance (Z..f = Z,). Therefore, based
on (7),itis understood that the normalized value of the maximum
current of the inductor would be equal to the maximum voltage
of the capacitor. This expression is mathematically proved as

IL maxPeak (72(25)

% Lmaxn = -
Lref

VCmaxPcmk V
Z, _ VCmaxPeak __
= = UCmaxn-
Vinrms

(32)

Vinrms

ref

Based on (32), the maximum of the resonant inductor’s cur-
rent peak (7 maxn ) 18 €qual to the value of the maximum voltage
of the resonant capacitor’s peak (vcomaxn)- The value of vomaxn
Or imaxn can be calculated using (31). In addition, this vari-
able is depicted in Fig. 5(b) in different values of the normalized
switching frequency and the quality factor. As seen in Fig. 5(b),
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Fig.5. (a) Voltage gain versus the normalized switching frequency in different
values of the quality factor. (b) Normalized maximum value of the input capac-
itors’ voltages and maximum value of inductors’ currents in different values of
the normalized switching frequency and the quality factor.

the maximum value of the capacitors’ voltages and the maxi-
mum value of the inductors’ currents do not vary in different
quality factors. This shows that these values mostly depend on
the normalized switching frequency. The average value of the in-
ductor’s current can be calculated by taking the average of (10).
Since the average of inductors L; and L, currents are equal,
their average value can be shown by i ayy. This parameter can
be calculated by

, <ir1 > |afs, + <irz > lafs,
<iin > |afe, = fsw. fsw.
2
Since the average value of the inductors’ current are equal (<
ir1 > |afs, =<1iL2 > |afs, = iLaveg), (34) can be assumed
as

(33)

<iLaveg > |@fsn. =< lin > |@fs,. (34)

Therefore, the average of the inductors’ currents in the switch-
ing frequency are equal to the input current, which is considered
a sinusoidal value. In addition, the voltage stress of the semicon-
ductors are equal to the output voltage. For example, the max-
imum voltage of the switches are equal to the output voltage,
once the other switch is conducting. The same scenario hap-
pens for the diodes. In other words, the voltages of the diodes
are limited by the output voltage when they are OFF. Their volt-
ages are restricted to V5, because of the conduction of the other
diodes at the same time. The converter elements are designed in
Section IV in a step-by-step process.

IV. DESIGN CONSIDERATIONS

This section describes the practical design guidelines for the
proposed resonant bridgeless PFC converter. There are two parts
in this section. The first part of the section talks about the de-
sign procedure for selecting the components. The second part is
about the control and modulation algorithm used in the proposed
converter.

A. Selecting the Components

In this part, a prototype based on the analyzed equations is de-
signed to prove the feasibility of the structure. The input voltage
is considered 220 V = 20% rms, with 400 V output dc voltage.
The maximum load power is 400 W. The proposed converter
should be designed with as low conduction losses as possible
without sacrificing the gain variation versus the switching fre-
quency. Since the switching losses in the converter are very low,
the switching frequency can be increased without any problems.
Based on the waveforms shown in Fig. 5(a), in order to decrease
the switching frequency range, quality factor should be chosen
to be high. However in this case, the maximum input capacitor
voltage increases [shown in Fig. 5(b)]. As stated in Section III,
in order to have higher power factors, the maximum voltage of
the resonant capacitors (Vmaxpeak ) Should be limited. Therefore,
(max should not be chosen to be high. The minimum and the
maximum values of the gain can be calculated as

Vout
My min = ——— = 1.51
- VYinRMS?max
My = —— M 907, (35)
- VinRMS_min

The converter is designed such that it has minimal conduction
losses while keeping the gain variation high with the small varia-
tions in the switching frequency. Since soft switching is provided
for all the semiconductors, the switching frequency can be in-
creased. Based on the waveforms illustrated in Fig. 5(a), if the
quality factor is high, the difference between the maximum and
minimum switching frequencies decreases, which is preferred.
However, in that case, the ac voltage across the resonant capac-
itors increases as well, which requires special capacitors to be
used. In addition, if vomax increases, based on (21), ratio VC‘nf:‘(lPeak
increases too, resulting in higher deviation of the input current
from a sinusoidal waveform. This reduces the THD, which is
undesirable. Moreover, since the time during which the current
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of the inductor is being charged without transferring to the out-
put is increasing, the conduction losses increase too. Therefore,
it is not recommended to choose a high quality factor or (). On
the other hand, if @ is too small, the gain waveform flattens,
increasing the frequency deviation with the same gain variation.
Hence, a moderate value for () should be selected in order to
avoid these problems. Based on the description provided, max-
imum quality factor or Qm.x = 0.1 is selected to meet all of
the requirements addressed earlier. The resonant frequency is
selected to be 100 kHz. Therefore, the values of the input ca-
pacitors and the inductors can be calculated using (36) and (37).
These equations are derived from (27) and (28) as

L:lengRlLme:@ﬂuH (36)
27rfres
1
C=C=0,=————=199nF. 37
! 2 47rRloadeaxfres ! ( )

Three 5.6 nF capacitors from Epcos have been used as well as
two 70 uH inductor with RM12 cores. Therefore, the real value
of Qmax and fres would be slightly different from those of (36)
and (37). The real values can be calculated based on (5) and (27).
The practical values of Qyax and fes are 0.114 and 104 kHz,
respectively. As seen in Fig. 5(a), the switching frequency
of the converter at the nominal load when Q,x = 0.114 and
fres = 104 kHz, is 230kHz. In other words, the switching fre-
quency of the proposed converter at full load (vy, = 220 V rms,
Vour = 400V, and P,y = 400 W) is 230 kHz. Also, the switch-
ing frequencies at Vinvax and vinmin 18 320 kHz and 190 kHz, re-
spectively. As stated, because of soft switching in the proposed
converter, increasing the switching frequency is not an issue; the
efficiency does not drop significantly. The provided statement
about the efficiency is checked in Section V in an experimen-
tal prototype. The characteristic impedance of the resonant tank
can then be calculated as (38). This equation is based on the one
given in (23) as

| L
Zr_designed = % =45.6 Q.

Based on Fig. 5(b), the normalized maximum current of the
inductor or maximum voltage of the capacitors are both equal
to 1.2 at the nominal loading conditions. Based on (25), ¢
can be calculated using the input voltage and (38) as the refer-
ences of the voltage and impedance, respectively. The maximum
value of the inductor’s current would be 1.2 x ”%% =5.8A.
Also, the maximum voltage of the capacitors would be equal
to 1.2 X vjsrms = 264 V. The core RM12/I from Ferroxcube
is selected with the material 3C'95. The number of the turns is
selected to be 17 with AW G 12 Litz wire. Litz wire is cho-
sen in order to have a low resistance in higher frequencies.
The resistance of the core has been calculated at the nominal
switching frequency. This value for the inductors is 0.65 €.
TK20A60W and RURP1560 are selected as the switches and
the diodes, respectively. All of the circuit elements are listed in
Table I. TK20A60W is a low-cost switch with slightly higher
drain—source parasitic capacitance. This capacitance helps the

proposed converter to provide lower %, even at turn-OFF.

(38)
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TABLE I
EXPERIMENTAL PARAMETERS

Parameter Value Description
Ly, Lo 70 pH RM12 — 3C95
Cy, Co 3 x 5.6 nF FEpcos
S1, S2 TK20A60W —

D1 — Dy  RURP1560 —

The only challenge with this method is discharging the bigger
capacitance before turning ON the switch or providing ZVS at
turn-ON. Fortunately, since in the proposed converter the para-
sitic capacitance of the switches is discharging with the max-
imum value of the inductors’ currents, ZVS is achieved with
no problem. Loss analysis of the selected components for the
experimental prototype has been done in Section I'V-B.

B. Loss Analysis

In this part of the paper, loss analysis is done for the selected
components at the operating conditions. Loss breakdown in the
proposed converter is done to give a better understanding about
the different sources of losses in the circuit. Based on the pre-
sented analysis, the proposed converter can provide ZVS for the
switches, and ZCS for the diodes in the circuit. Therefore, the
switching losses in the proposed converter is reduced signifi-
cantly. Since the proposed converter provides soft switching for
the MOSFETS, switching losses can be neglected in comparison
with other types of losses like conduction. Also, because of the
ZCS turn-OFF in the diodes, reverse recovery losses are negli-
gible and can be ignored as well. The different types of losses
investigated in this part of the paper are—copper losses in the
inductors, core losses in the inductors, conduction losses in the
diodes, and conduction losses in the MOSFETS.

As seen in Section IV-A, RM12/I from Ferroxcube is se-
lected with the material 3C'95. Number of the turns in the de-
signed inductors are 17. Since the currents of the inductors are
discontinuous, the ac resistance of the inductors should be con-
sidered for the copper loss analysis. Resistances of the inductors
are measured at 230 kHz to make the analysis more accurate. The
measured resistance is 0.65 €2 at 230 kHz. First step to calculate
the copper losses in the inductors, is to calculate the rms value
of the inductors’ currents. In order to make the analysis simpler,
it can be assumed that the inductors’ currents waveforms shown
in Fig. 4 are triangular with a maximum value that is changing
with a sinusoidal shape in the line cycles. The core losses are
calculated based on the datasheet of the selected material for the
cores (3C'95).

As stated in Section I'V-A, the average value of the diodes’ or
the inductors’ currents are equal to the input current. In other
words, the average value of the current going through D; and
D5 are equal to the half-line cycle average of the input current.
The same scenario occurs for the other diodes in the circuit (D3
and D,). Moreover, the same approximation done for the in-
ductors’ currents can be made in calculation of the rms value
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Fig. 6. Losses breakdown of the designed prototype at the nominal operating
conditions.

of the currents going through the switches. In other words, a
triangular shape for the currents of the switches can be assumed
with a maximum value that is changing like a sinusoidal wave-
form in the line cycle. This makes the analysis simple and also
conservative in a sense that the calculated value would be the
maximum possible point. Loss breakdown of the components
in the presented prototype at the nominal conditions is shown
in Fig. 6. The calculated efficiency at the nominal conditions
at 400 W and 220 Vyys is 94.96%. As seen in the figure, the
majority of the losses in the proposed converter comes from the
inductors. The efficiency of the converter is further analyzed in
the experimental setup presented in Section V.

C. Control and Modulation Algorithm

The modulation and control scheme for the proposed bridge-
less resonant PFC converter is presented in this part of the pa-
per. The proposed converter has a simple modulation algorithm
which requires only two complementary gate signals with con-
stant ~ 50% duty cycles with some deadtime. Because of the
complimentary gate signals in the switch leg, a non-isolated gat-
ing strategy like bootstrap can be used, which makes the gate
circuitry simple. The duty ratio of the gate signals are constant
and equal to 50%. The switching frequency of the gate signals are
constant during the whole line cycle. As shown in Section III
the input current of the converter is inherently sinusoidal and
continuous. Therefore, if the converter has a constant switch-
ing frequency in a whole line cycle with complementary gate
signals with 50% duty cycles, the power factor of the proposed
converter would be high. The switching frequency of the pro-
posed converter can be used for the control purposes. In other
words, the variable frequency method can be used only to con-
trol the output voltage of the converter in different loading and
input voltage conditions. Hence, there is no need to have a cur-
rent control loop in the proposed converter. The input current is
inherently continuous and sinusoidal without using any current
loop controllers.

The control block diagram of the proposed converter is shown
in Fig. 7. As seen in Fig. 7, there is no current loop in the cir-
cuit and thus the power factor correction is inherent. Only a
voltage loop is used to achieve regulations in the output voltage.

No
Ci urrent Loop L b
X >t

I

1

+

constant 50% I LI
duty cycles

Variable Frequency Control Loop

Fig. 7. Modulation and control block diagram of the proposed converter.

After measurement of the output voltage, this value is subtracted
from the reference value, which is 400V in the studied proto-
type. The error in the output voltage or the output of the sub-
tracter is shown with ey in Fig. 7. This value is the input of
the compensator block shown with C'y,. The compensator pro-
duces an output, which is interpreted as the switching frequency
of the converter. This value (fs,) then feeds the input of the
voltage controlled oscillator (VCO) after the limiter block. The
VCO block generates two complementary pulsed signals with
near 50% duty ratios with proper deadtime, with a frequency
equal to the switching frequency (fs,,). With this method, the
output voltage is regulated and the input current is inherently
following the input voltage, which has a sinusoidal waveform.
The main design consideration for the voltage compensator is
to have a slow dynamic signal across one half-line cycle, so that
it does not try to compensate the instantaneous variations of the
input voltage. Therefore, the voltage controller is designed with
a very slow bandwidth. However, if the voltage compensator is
too slow, the converter does not react to the load variations fast
enough and this could cause over stress in the components or a
very slow response. A PI compensator is used in the presented
prototype for the proposed converter. If the time constant of the
PI compensator is at least five times higher than twice of the
line frequency cycle, the compensator could skip the line fre-
quency and regulate the output voltage mean value. Moreover,
like other resonant converters, there should be a negative sign in
the PI controller to support the negative slope of the gain versus
the variation of the switching frequency shown in Fig. 5(a). The
experimental prototype using the components in Table I, along
with the results from testing, is presented in Section V.

V. EXPERIMENTAL RESULTS

The proposed resonant bridgeless PFC converter has been
tested in an experimental setup with 400 W nominal output
power. The picture of the designed prototype is shown in Fig. 8.
The experimental results of the proposed converter are pre-
sented in this section. It will be shown with the experimental
waveforms that the proposed converter provides continuous in-
put current even with the small inductances and input capac-
itors in the circuit. In addition, the operation of the proposed
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Fig. 8.

Picture of the designed prototype based on the proposed structure.

bridgeless converter is compared with a conventional structure
with the same components resulting in higher efficiencies, and
lower THDs in the proposed structure. The proposed resonant
PFC structure has a high efficiency due to the bridgeless struc-
ture, and also providing soft switching for all of the semiconduc-
tor elements. Components used for the experimental setup are
designed in Section I'V. The full list is given in Table I. As seen,
the values of the input capacitors and the inductors are small.
Even with these small values, the proposed circuit can guaran-
tee the continuous input current behavior. Therefore, the power
factor remains high at different load conditions. There are two
parts in this section of the paper. The first part is dedicated to the
function of the proposed converter in an experimental prototype
with related waveforms. In the second one, the proposed con-
verter is compared with a conventional interleaved boost PFC
in terms of efficiency and power factor. The same components
have been used for both of the converters to keep the comparison
fair.

A. Operation of the Proposed Converter in the
Experimental Setup

Experimental waveforms of the input voltage and current are
shown in Fig. 9(a) in a line-frequency scale. In addition, volt-
age of the input capacitor C; and the inductor L, current are
shown in Fig. 9(b). Diodes D; and D3 currents are also shown
in Fig. 9(b) in synchronous with the line voltage. As seen, the
input current is sinusoidal even with the simple voltage loop
control shown in Figs. 1(a) and 7. As shown in the experimental
captures, input diodes do not conduct in all of the line cycle.
This is an important characteristic for the proposed resonant
bridgeless PFC converter. Fig. 9(a) shows that the input current
is sinusoidal and in-phase with the input voltage. The measured
input power factor is near unity without adding any extra filter. In
other words, using only 70 uH inductors and 16.8 nF capacitors
resulted in a near unity power factor without the need to add any
other filter elements in the input. As seen in Fig. 9(a), input cur-
rent remains continuous with low ripples, without adding extra
filter at the input. This certifies the claim that the input current is
continuous even with the low inductances in the circuit. As seen
in Fig. 9, v¢y and 77,1 are working in both half-line cycles of the
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Fig.9. (a) Input voltage and current with a near-unity measured power factor.
(b) vo1, in1, D1, and ips, in line-cycle scale at full load and the nominal
input—output conditions.

input ac voltage, but the diodes D, and D5 are just working in
the positive half-line cycles along with the diodes Dy and Dy
working only in the negative half-line cycles. Therefore, the op-
eration of the converter is as discussed in the theoretical analysis
section of this paper.

Waveforms of the proposed converter in a switching-cycle
scale are shown in Fig. 10. This figure is captured at the peak of
the input voltage at the nominal loading conditions. As seen in
Fig. 10(a), the resonant capacitors’ voltages (i.e., v and voa)
and inductors’ currents (¢7,; and ¢ 1,2) are alternating with the res-
onant frequency, which has the same characteristics as expected
in the theoretical analysis. In addition, as shown in Fig. 10(b),
switch Sy is turned ON under ZVS conditions. As mentioned,
this feature reduces the switching losses significantly. The same
scenario happens for the other switch because of the symmetry
in the circuit. Moreover, voltage and current waveforms of the
diode D; are shown in Fig. 10(c), which shows that the diode
turns OFF under zero current switching conditions. This feature
reduces the switching losses in the circuit considerably. ZCS
turn-OFF is provided for all of the diodes in the circuit, helping
to decrease the switching losses and increase the efficiency in the
circuit. These soft-switching characteristics enable the converter
to be designed for higher switching frequencies.

As stated, the switching frequency operation of the presented
prototype has been shown in Fig. 10. The voltage of the reso-
nant capacitors (v¢g and veo) along with the resonant inductors’
currents (¢z; and ¢79) are shown in Fig. 10(a) in the switching
cycle at the peak of the input voltage. Resonance waveforms of
the proposed converter shown in this figure are similar to the
theoretical waveforms depicted in Fig. 4. In addition, the same
behaviour is seen in Fig. 10(b) and (d) as the theoretical predic-
tions made in Fig. 4. The only difference seen in the experimental
waveforms, which is different from the theory is the small tail



VALIPOUR et al.: RESONANT BRIDGELESS AC/DC RECTIFIER WITH HIGH SWITCHING FREQUENCY AND INHERENT PFC CAPABILITY 243

1 EEE Cc6 Timebase 80 ns||Trigger (LK) 1818
100 V/div| 100 V] 5.0 A] 5.0 A : 1.00 ps/div] Stop 299V
0.00V ofst| 0.0 v| -10A] 10 A [N 25kS 2.5 GS/s|Edge Positive

Tbase -1.98 us|(Trigger (=) LIS
1.00 ps/div] Stop 308V
25kS 2.5 GS/s|Edge Positive

N - f
200 Vidiv 5.00 Aldivy :
200.00V|  -10.0000 A NS

Fig. 10. (a) Resonant elements’ voltages and currents alternating with the
resonant frequency, (b) switching waveforms of the switch Sa indicating ZVS
turn-ON, and (c) switching waveforms of the diode Dy with ZCS turn-OFF, all
in a switching frequency cycle captured at peak of the input voltage at full load
and nominal conditions.
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in the inductors’ and the diodes’ currents in Fig. 10. This small
current tail is shown in Fig. 10 for i1, 12, and ¢p; with blue
circles. This happens because of the small resonance between
the inductors and the intrinsic capacitors of the diodes. This
resonance occurs once the inductors’ currents reach zero. This
resonance is controlled with other diodes in the circuit acting
like clamps to limit the voltage across the diodes. For example,
once 71 reaches zero at tg, i1 starts resonating with the ca-
pacitor across D) which is then controlled by the diode Dy. In
this case, D, acts like a clamp avoiding the voltage across D; to
exceed V. Therefore, the structure clamps the voltage across
the diodes to the output voltage, which enables the designer to
use 600 V diodes in the prototype.

B. Comparison of the Proposed Converter With the
Conventional Interleaved Boost

To further analyze the behaviour of the proposed converter, the
performance of the designed prototype has been compared with
an interleaved boost converter with the same components and
input—output specifications. Since the same components listed
in Table I are used in the interleaved boost, with the same input—
output characteristics and the nominal switching frequency, the
inductors in the interleaved boost experience discontinuous cur-
rents. If the inductors in the traditional interleaved boost con-
verter have discontinuous currents, the input current intrinsically
can be approximately sinusoidal without any current loops [43].
This current can get more sinusoidal if the difference between
the input voltage peak and the output voltage gets bigger. There-
fore, this conventional circuit has many features that are close to
the proposed converter including inherent PFC capability with
DCM inductors’ currents, and similar number of components
with only two more diodes than the proposed structure. How-
ever, the only problem in the interleaved DCM boost would be
the higher ripples in the input current, which gets completely dis-
continuous at medium to light load compared to the continuous
input current in the proposed converter. This forces the designers
to use big passive elements as filters in the traditional converter.
Therefore, the overall volume of the proposed converter is less
than that of the conventional DCM interleaved boost. More-
over, the proposed converter provides soft switching for all of
the semiconductors in the circuit. It can provide ZVS for the
switches and ZCS for the diodes, whereas the traditional DCM
boost converter cannot provide ZVS for the MOSFETs. In other
words, the traditional DCM boost converter cannot discharge
the parasitic capacitor of the switches and the diodes prior to
turning ON the switches. This causes the discharge of the paral-
lel capacitors of the MOSFETS into the switches at turn-ON. This
restricts the function of the traditional boost converter in higher
frequencies.

The interleaved boost has the same components with a
constant switching frequency equal to the nominal frequency
(230 kHz) of the designed converter. This is helpful in keep-
ing the efficiency of the interleaved boost high, because of the
switching losses. Although the switching frequency of the inter-
leaved boost converter is rather low compared to the proposed
converter in lighter loads, the efficiency is not higher as shown in
Fig. 11(a). Fig. 11(a) shows 2% improvement in the efficiency of
the proposed converter at the nominal load compared to the tra-
ditional interleaved boost converter with the same components.
As seen in Fig. 11(a), the efficiency of the proposed converter is
always higher than the efficiency of the interleaved boost con-
verter from light load to full loading conditions at the nominal
input voltage. The efficiency of the proposed converter in dif-
ferent input voltages has been also compared with that of the
traditional DCM boost converter in Fig. 11(b).

As stated, low inductances are used in the proposed con-
verter. The same components listed in Table I have been used
in both of the proposed converter and the interleaved boost. The
traditional interleaved boost works with 70 4H inductors and
230 kHz switching frequency. With these values, each of the
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Fig. 11.  Efficiency of the proposed converter compared with the conventional

interleaved boost PFC converter with the same components in (a) different output
power levels, and (b) at the nominal load in different input voltage levels.

inductors’ currents in the traditional interleaved boost are al-
ways discontinuous in the full operating conditions. This hap-
pens even at full load. Therefore, the interleaved boost converter
with low inductances with discontinuous currents can have an
intrinsic high power factor even without a current loop. This
characteristic has been proved mathematically in [43]. The in-
put current of interleaved boost converter, however, is the sum
of the currents of the two inductors. In the specified operat-
ing conditions, the input current of the conventional converter
is continuous in only a very small fraction of the line cycle.
In other words, the average of the input current in the DCM
interleaved boost is approximately sinusoidal. However, since
bulky filtering elements are not used in the structures, the input
current is discontinuous in most of the line cycle even at the nom-
inal load. This reduces the power factor and increases the THD
significantly. On the other hand, the input current of the pro-
posed converter remains continuous with the same conditions.
Input current, input voltage, and the output voltage of the pro-
posed converter have been shown in Fig. 12(a), as well as those
of the conventional interleaved boost in Fig. 12(b). Both of the
converters are running at full load with 220 V rms input voltage.
To have a better view of the converters’ operations, these wave-
forms are measured without any filter elements in the input. This
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Fig. 12. (a) Input voltage and current, and output voltage of the proposed
converter at full load. (b) Input voltage and current, and output voltage of the
conventional interleaved boost converter with the same components at full load.
The same components are used for both of the converters. No current loops have
been used in any of the converters. The measured power factor for the proposed
converter is near unity, and for the traditional interleaved boost converter is 0.74.

means that the input characteristics of the proposed converter is
similar to a CCM converter, even with the small inductors used.
The measured power factor for the proposed converter is near
unity. Nonetheless, the interleaved boost converter has 0.74 in-
put power factor with the same components. No additional filter
is used in the input of the converters. This shows that the required
input filter size in the proposed converter would be smaller than
that of the conventional interleaved boost converter.

The power factor and THD of the proposed converter com-
pared to the conventional interleaved boost structure are shown
in Fig. 13(a) and (b), respectively. Fig. 13 shows that the power
factor of the proposed converter is more than that of the con-
ventional converter with the same components in different load
levels. The input current waveform of the interleaved boost con-
verter along with that of the proposed converter has been shown
in Fig. 12. As seen, the input current of the interleaved boost is
discontinuous in most of the line cycle. However, input current
of the proposed converter is continuous with the same inductors
at the same operating conditions. As the output power decreases,
the input current of the interleaved boost gets more discontinu-
ous, which results in the reduction of the PF and/or increase in
the THD. This characteristic has been reflected in Fig. 13(a) and
(b) in different output power levels.
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Fig. 13.  (a) Power factor, and (b) total harmonic distortion (THD%) of the

proposed converter compared to the conventional interleaved boost converter
versus output power levels. The same components have been used in both of the
converters.

VI. CONCLUSION

A resonant bridgeless PFC rectifier with high frequency and
inherent power factor capabilities has been proposed in this pa-
per with the related theoretical analysis and experimental results.
The proposed converter can provide continuous input current
with low THD, even with small inductances with discontinu-
ous currents. The proposed structure is simple, symmetrical,
and bridgeless. In addition, as shown in the experimental wave-
forms, the analyzed converter provides soft switching for all of
the semiconductors in the structure, helping to further increase
the efficiency at high frequencies. The simple variable frequency
method has been used for the modulation with complementary
gate signals with constant ~50% duty cycles plus deadtime. The
proposed converter has been compared with a conventional in-
terleaved boost converter with the same components, resulting
in 2% improvement in the efficiency at full load and more than
8% under light loading conditions. The proposed converter also
provides a near-unity power factor at full load with no current
loops and no extra filter elements.
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