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Abstract—This work reports the operation and development of a
high power factor power supply that operates at high switching fre-
quency. An optimum power factor correction is obtained using an
ac—dc boost converter associated to a nondissipative snubber as a
pre-regulator circuit, which presents reduced commutation losses.
The same nondissipative snubber is associated to a Forward con-
verter and then used as a dc—dc stage. The proposed switched mode
power supply presents high power factor (0.998), high efficiency
(91%), low harmonic content (current and voltage total harmonic
distortion rates equal to 2.84% and 2.83 %, respectively), and also
satisfactory regulation. The converter has been theoretically ana-
lyzed, designed, simulated and implemented, where experimental
results show that soft commutation in all switches is achieved.

Index Terms—AC-DC boost converter, de-dc stage, forward
converter, harmonic content, harmonic distortion, power factor
correction, snubber, soft commutation.

I. INTRODUCTION

N THE LAST few years, power factor correction, minimiza-
tion of harmonic content and electromagnetic interference
(EMI) levels, as well as reduction of size, weight and cost of
switching mode power supplies (SMPS) has become the main
concern of industry and academic researchers, as they present
higher output dc voltage levels, constant switching frequency,
reduced size and weight if compared to linear power supplies.
However, the input stages of switching mode power supplies
are potential harmonic sources. Recently, there has been great
interest about the reduction of input current harmonic content
and power factor correction (PFC). Moreover, in many single-
phase applications, mainly in power supplies, the power levels
can reach several kilowatts and, in some cases, the input voltage
can be quite high as well. For such types of application, the
conventional Boost PFC converter has been intensively used
due to its intrinsic characteristics of dc-voltage gain, lower in-
ductor volume and weight, and losses on the power devices,
which will affect converter cost, efficiency, and power density
[1] and [2]. An adequate modulation technique is necessary
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so that high power factor and low harmonic distortion can be
achieved, as this work employs the Bang-Bang hysteresis cur-
rent waveshaping control technique [9], [11], [12] for this pur-
pose.

Moreover, the Boost converter presents commutation and
conduction losses, implying the reduction of efficiency. Con-
ventional resonant and quasiresonant converters [3] and [4]
provide zero-current switching (ZCS) and/or zero-voltage
switching (ZVS) [5] and [6]. Such converters can operate at
high frequencies, although they present load limitation, because
there are current and/or voltage peaks over the switches and
a specific range to control the frequency, as the design of
filters becomes complex. A satisfactory alternative to achieve
high frequency and high-power operation lies in the use of
nondissipative snubbers [7].

DC/DC converters provide the conversion of distinct voltage
levels in switching mode power supply. Several dc—dc con-
verters can be used, but it is necessary that they operate at high
frequency and also present reduced switching losses, multiple
regulated outputs and isolation. The proposed SMPS employs
a dc—dc Forward converter using a nondissipative snubber to
achieve such optimum performance, as it is suitable to the
required power level and provides soft switching a wide load
range, as the conduction losses are almost the same as those
observed in the hard-switched PWM converter.

This paper presents a switching mode power supply com-
posed by a PFC Boost converter and a Forward converter, as
both them use a resonant cell to reduce commutation losses, ac-
cording to Fig. 1. The proposed SMPS employs the Bang-Bang
hysteresis current waveshaping control technique to achieve
high power factor and low harmonics distortion.

II. PROPOSED SMPS

The ac—dc and dc—dc nondissipative converters are shown in
Figs. 2 and 3, which operate with reduced commutation losses.
In the proposed SMPS, main switches S; (Boost) and S7 (For-
ward) are commutated in a ZVS way, and auxiliary switches S
(Boost) and S (Forward) are commutated in a ZCS way due to
the resonant cell, composed of resonant inductors (L, and L)
and resonant capacitors (Cy1, Cr2, Cl;, and C,). High power
factor is obtained using the Bang-Bang Hysteresis current wave-
shaping control technique.

In order to simplify the analysis, the converters are analyzed
apart.
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Fig. 1. Proposed switching mode power supply.
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Fig. 2. Boost converter associated to a nondissipative snubber.
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III. PRINCIPLE OF OPERATION OF THE AC-DC
B00OST CONVERTER

A complete theoretical analysis for the approach shown in
Fig. 2 is presented as follows. Since both converters present the
same principle of operation, a single Boost converter will be
analyzed.

The analysis begins with the description of seven operationg
stages that determine a complete switching cycle.

1) Firststage (to—t;) Fig. 4—This stage begins when switch

S is turned on in a ZCS way, where resonant current [y,
increases linearly. It finishes when Iy, is equal to input
current I;,,.

2) Second Stage (t1 —t2) Fig. 5—When the resonant current
is equal to the input current, this stage begins. This is
the first resonant stage, where both resonant capacitors
(Cy1 and C,.2) are in resonance with inductor L., during
which capacitor C,; is discharged and capacitor C,.5 is
charged to its reverse condition. It finishes when C}.q is
fully discharged, allowing switch S to be turned on in a
ZVS way.

3) Third stage (2 — t3) Fig. 6—This is the second resonant
stage, during which capacitor C,.5 is in resonance with
inductor L,.. Moreover, switch Sy is turned on in a ZVS
way. It finishes when resonant current [y, reaches null.

4) Fourth stage (¢t3—t4) Fig. 7— This stage begins when cur-
rent I, is null. Resonant capacitor C.., is linearly fully
discharged by input current I;,,. Moreover, switch S can
be turned off in a ZCS way.

5) Fifth stage (t4 — t5) Fig. 8—When capacitor C,., is fully
discharged, this stage begins, where the input source

transfers its energy to boost inductor L. It finishes when
switch S is turned off in ZVS way.

6) Sixth stage (t5 — tg) Fig. 9—When switch S; is turned
off, capacitor C, is linearly charged by input current [;,,
up to output voltage Vp, which represents the end of this
stage.

7) Seventh stage (t¢ — t7) Fig. 10—During this stage, the
stored energy in the Boost inductor L; is transferred to
the load. It finishes as a new switching cycle begins.

The transference function between V;, and V;,, is given by

Vo 1

G=—= - - )
Vi 1-{D+ % [arccos(—%) + —\X'zl +¢]}
where
fs  switching frequency;
fo  resonant frequency;
D duty cycle;
X ratio between C,; and C,9;
I; L,
=—/= 2
a=y\e 2
e
Ky ==—. 3)
" fo

From the operating stages described above, one can obtain
the waveforms shown in Fig. 11.

IV. PRINCIPLE OF OPERATION OF THE DC-DC
FORWARD CONVERTER

Fig. 3 shows the Forward converter associated to a nondissi-
pative snubber employed as a dc—dc stage.

From the operating stages, which are basically the same as
those of the Boost converter, one can obtain the waveforms
shown in Fig. 12.

The transfer function between V! and V/, is given by

V/
GIZV—.(I)

s K! -1
= Z—p {D' + 2—7: {arccos <7>

X'+1 o
+Ta/+5]} @
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where
np  number of primary turns; I 7
ns  number of secondary turns; o = e 5)
1 Switching frequencys; Vin | C
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f! resonant frequency;
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V. PLANE GRAPH

Fig. 14. Phase plane graph of the forward converter.

Fig. 13 shows the phase plane graph of the proposed Boost
converter and Fig. 14 shows the phase plane graph of the pro- resonant frequencies, the phase plane graph must be separated
posed Forward converter. Once that the converters present two  in schemes.
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Fig. 15. Bang-bang hysteresis current waveshaping technique with fixed
switching frequency: (a) input current waveform and (b) boost switch gating
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Fig. 16. Boost converter associated to the nondissipative snubber and the
control circuit.

The analysis of the phase plane graphs shown above provides
the soft commutation range limits. The Boost converter presents
soft commutation only if the following condition is valid:

1
1<X<—+1 7
4o

Moreover, the Forward converter presents soft commutation

only if

1
1§X’§@+1. (8)

VI. CONTROL STRATEGY

Fig. 15 shows the control strategy adopted in this paper [9],
[11].

The block diagram of the control circuit with the Boost
power stage is shown in Fig. 16. This converter operates with
constant switching frequency and high power factor, using the
Bang-Bang current control strategy.

The input current and line voltage samples are obtained from
sensors Rgp., and Ry /Ryo, respectively. The voltage sample is
rectified in the Precision Rectifier block.

The PI controller is implemented to provide the signal con-
trol (Vc), which is multiplied by the voltage reference signal
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(Vinrer). This signal is then added to the sawtooth signal gen-
erating the reference current signal (I,.f). Drive signals are
achieved comparing the current feedback signal, obtained in the
R}, sensor, with the reference current signal.

The signal obtained from the output comparator block is
driven directly to monostable, to provide a fixed pulse, and
driven to auxiliary switch S5. The same signal will drive switch
S1, when the zero voltage transition on the switch is satisfied,
which is possible because switch S7 is driven in a dual thyristor
mode.

VII. SIMULATION AND EXPERIMENTAL RESULTS

The switched mode power supply proposed in this paper
(Fig. 1) has been intensively studied via simulation using
PSpice software, where the following parameter set is em-
ployed:

Sy and S] = IrfP460;

Sy and S = Ideal;

Ly = 100 pH;

C; = 1 mF;

D3 and D} = Ideal;

remaining diodes = MUR1560;

Vin =~ 110 V;
Vo = 200 V;
C,1 = 10 nf;
Cl, = 7.5 nf;
V! =50V

I = 12 A;
C,o = 27 nf;
Cl, = 47 nf;
fs = 100 kHz:
Cy = 680 uF;
L, and L] = 2.5 uH;
Ly, = 1.5 mH;
Py, = 600 W.

A prototype of the proposed switched mode power supply has
been built using the following parameter set.

Sy and S7 = IrfP460.
Sy and S, = IRGBC20 f.

Ly = 100 pH;

Cfy =1 mF;

D} = 2 x MURI1560;
remaining diodes = MUR1560;
Vin =~ 110V,

Vo = 200V,

C,1 = 10 nf;

Cl, = 7.5 nf;

Vo =50V,

Ij = 12 A;

C,o = 27 nf;

Cly = 47 nf;

fs = 100 kHz;

Cy = 680 uF;

L, and L = 2.5 uH;
Ly, = 1.5 mH;

Py = 600 W.
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Fig. 17. Input voltage and input current for nominal load: (a) simulated results
and (b) experimental results.

The Boost inductor (L) was built using core EE 65/33/26
with 17 turns and 4 x 18 AWG, and the resonant inductors (L,
and L) are coreless, with diameter 2.54 cm (1”) and nine turns
using wire 12 AWG.

Figs. 17-21 show the simulation and experimental results.
As it can be seen, the commutations occur with reduced
losses and the power factor is almost unity. Fig. 17 shows the
power factor correction, as the value obtained in the nominal
load is 0.998.

Current and voltage total harmonic distortion rates are shown
in Fig. 18, where the current THD was obtained in simulation
and experimentally, and the voltage THD was obtained only
in the prototype. In the simulation, the current THD value is
equal to 4.85%, and in the prototype the current and voltage
THD values are 2.84% and 2.83%, respectively. A comparison
between experimental values obtained in the proposed switched
mode power supply and IEC 61000-3-2 standard [10] is
presented in Table I, where it can be seen that the values of
the harmonic individual components are below the standard
limits.

Current and voltage total harmonic distortion rates are shown
in Fig. 18, where the current THD was obtained in simulation
and experimentally, and the voltage THD was obtained only
in the prototype. In the simulation, the current THD value is
equal to 4.85%, and in the prototype the current and voltage
THD values are 2.84% and 2.83%, respectively. A comparison
between experimental values obtained in the proposed switched
mode power supply and IEC 61000-3-2 standard [10] is
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Fig. 18. Harmonic content: (a) input current concerning simulated results, (b)
input voltage concerning experimental results, and (c¢) input current concerning
experimental results.

presented in Table I, where it can be seen that the values of
the harmonic individual components are below the standard
limits.

Figs. 19 and 20 show the commutation in the active switches.
It can be seen that the main switches do not present current
and/or voltage stresses, as well as the commutations are
nondissipative, and the auxiliary switches commutate in a
ZCS way.

Fig. 21 shows the efficiency graph of the proposed switched
mode power supply. An average efficiency equal to 90.6% has
been achieved.
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Fig. 19. Active switches in boost converter: (a) Main switch S1 waveforms
concerning simulated results, (b) main switch S1 waveforms concerning
experimental results, (c) auxiliary switch S2 waveforms concerning simulated
results, and (d) auxiliary switch S2 waveforms concerning experimental results.
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TABLE 1

HARMONIC CONTENT OF THE INPUT CURRENT COMPARED TO THE LIMITS
IMPOSED BY IEC 61 000-3-2 STANDARD

Harmonic Order Experimental values IECS 3111(()12?(;3-2
Nominal current Nominal current
S5.79A 16A
Odd % %
3 1.28 14.4
5 1.63 7.1
7 1.04 4.8
9 0.99 2.5
11 0.40 2.1
13 0.53 1.3
15 0.34 0.94
Even

2 0.97 6.8

4 0.08 2.7
6 0.16 1.9

8 0.33 1.4
10 0.35 1.15
12 0.07 0.95
14 0.38 0.82
16 0.07 0.72

VIII. CONCLUSION

This paper reports the analytical, simulation and experimental
developments of a SMPS using the PFC ac—dc Boost associ-
ated to a nondissipative snubber. It has been demonstrated that
the use of the Bang-Bang Hysteresis current waveshaping con-
trol technique in combination with the nondissipative snubber
implies a highly efficient power factor correction pre-regulator
circuit with reduced commutation losses.

The proposed SMPS employs a Forward converter as a dc—dc
converter, which operates with soft commutation by using a
nondissipative snubber. The harmonic reduction and power
factor correction is much improved if compared to results
presented in recent literature [13]-[15].

The objective initially proposed was achieved, where a
switching mode power supply with power factor correction
(0.998), high efficiency (90.6%), low harmonic distortion rates
(current and voltage THD values equal to 2.84% and 2.83%,

respectively) and satisfactory regulation was theoretically
analyzed, projected, simulated, and implemented.
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