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Abstract — This paper presents a single-phase rectifier
with low conduction losses due to the fact of employing
only two controlled switches. A passive non-dissipative
snubber provides a further reduction in the rectifier
losses. The snubber allows non-dissipative commutation
at the switches within a large range of the input current.
The snubber also reduces the rate of current grow during
the switches turn on and also the rate of voltage grow
during the switches turn off. The performance of the
snubber circuit associated with the low conduction losses
results in a rectifier with high efficiency. The design,
simulation and experimental results of a 3kW rectifier
and are shown to access the performance of the proposed
rectifier.

I. INTRODUCTION

In power factor correction one of the most common circuit
used is the full bridge diode rectifier associated with a boost
converter. This converter is shown in Fig. 1.

Substantial power dissipation occurs in the switch because
it is subjected simultaneously high di/dt and full output
voltage, during the turn on interval. Besides, the reverse
recovery mechanism in the boost diode produces high di/dt
and high current peak through the switch. Since the switch is
specified for high voltage it normally has high conduction
resistance. Current always flows through three power
semiconductors ~ simultaneously  causing  appreciable
conduction losses.

Converters shown in Figures 2 and 3 have lower
conduction losses due to the fact that only one or two
semiconductors conduct at the same time during the different
stages of operation of the converter. These converters present
themselves ideal for applications in high power due to their
high efficiency; however, as far as the commutation is
concern they show the same problem presented by the circuit
of Fig. 1.

The In [5] it is presented the version of the three level
rectifier employing lossless passive snubber.
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Fig. 1. Common PFC circuit
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Fig. 3. Three level rectifier

This paper introduces a version of single-phase rectifier
with reduced conduction losses and a lossless passive
snubber. The single-phase rectifier and the lossless passive
snubber are shown in Fig. 4. This converter was presented in
[6] and [7], using others techniques of commutation with
active components.

Principle of operation and circuit description, design
considerations, simulation, experimental results and



conclusion about this converter are described in following
sections.
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Fig. 4. Voltage single-phase rectifier with a passive lossless
snubber

II. PRINCIPLE OF OPERATION AND CIRCUIT
DESCRIPTION

In order to show the low conduction losses characteristics
of the proposed converter, Fig. 5 shows the stages of
operation of the converter without the passive snubber
circuit.

Fig.5a shows the 1% stage is the accumulation of energy in
the boost inductor Lg in the positive semi cycle of the input
voltage.

The 2™ stage shown in Fig.5b represents the transference
of energy from the boost inductor to the output stage
composed of Co and Ro.

The 3™ and 4™ stages shown in Fig.5c and Fig.5d
respectively are equivalent to the 1 and 2™ stages but during
the negative semi cycle of the input voltage.
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Fig.5d-Stage 4
Fig. 5. Stages of operation

The complete steady state operation of the converter
shown in Fig.04 associated with the passive snubber is
described in the next stages and circuits for each stage of
operation are shown in Fig.6. The following simplifications
are made to the commutation stages analysis:

a) input voltage source and boost inductor are represented
by a constant current source;

b) output stage is represented by constant voltage sources
and all components are ideal.

Stage 1 (t,-t;): the input current flows through Db,, Ls,
and energy is transferred to the output of the converter.

i,()=1, (1
Ve ()=0, 2
v.(t)=V,, 3)

¥, is the output voltage and / is the input current.

Stage 2 (t;-ty): at t = t; S, is turned on and the output
voltage is applied to Ls,, therefore current in Db, decreases
at linear rate. The S, current increases at the same rate.

y

iL(t):I_fo‘t’ “4)

Ve (t) =0, &)

v ()=, ©)

The time length for this stage corresponds to:

A, = LI o
V
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Stage 3 (1,-t3): when the current through Ls, equal zero
Db, turns off, Das turns on and the Cs, discharge starts from

i (t) _L .sen(a).t): (®)
w.L
o’ *
Ve (t) =V, — .{cos(a).t)+ — = l} ) ©)
w ;
ve, (1)=0. (10)
2
acos(l —wzJ
Aty=— O, (11)
w.L
Where
_ 1 C= C,.C, 1 (12)
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Stage 4 (t;-t): Ls, transfer energy to Ca,. This stage is
over when iy equals zero.

—V, 2.0 -0’
iL(t):”z—azaj.cos(a)a.t)nL ”fo" sen(w, 1)>
o;. s
(13)
Ve () V"'?".cos(a)u.t)-kV"'z".sen(a)a.t)’ (14)
a)S a)S
ch(t)—oa (15)
( 2.wf—w2}
atan 3
a)ﬂ
At, = ; (16)
a)él
Where
o, =, (17)
LC

Stages 2, 3 and 4 comprise the turn on snubbing action.

Stage 5 (t,-t5): S, conducts the input current. In this stage
occurs accumulation of energy in the boost inductor.
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Stage 6 (ts-t5): after S, turns off the input current flows
through Cs, and the voltage across it rises linearly. The
voltage on the switch is the same as in Cs, with limited dv/dt.

t (18)

1
VCS (t): C

N

2

s

(19)

Stage 7 (ts-t;): when V¢, plus Vg, equal Vo then Dag
turns on and Cs, begins its discharge.

i, ()= 1]1-cos(w, t)], (20)
VCS(Z): .sen(a)s.t)-ir v, —Vo.w" ) (2]
Cs.o4 Wy
( VU ‘a)a ‘CS J
asen| o
Aty =—————= (22)
Wy
Vea (17)— L (23)
Wy

Stage 8 (t~ty): Das turns on when V¢, is equal to Vo. One
part of the input current flows through Da, and Das and
another through Ls, and Ca,.

i (t): Vo.a)“ .F.sen(wa .t)s 24
o, \ L
Ve (t)— V,.— .cos(a)a .t)s (25)
@y
L ol
oo [£.21)

Aty = ¢ e/, (26)

a)a

Stage 9 (t5-tg): when i, equals the input current, Day and
Das turn off. Ca, is discharged at linear rate. The stage
finishes the energy remain in the capacitor Caj, is transferred
to the output.

27)
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C c v’ LI Fig. 6 shows the stages of operation for one switching
Aty =—= a ) (28) period.
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Fig. 7 shows the main waveforms for commutation

(g) Stage 7 (ts-t7)

Fig. 6. Stages of operation for commutation analysis

(h) Stage 8 (t;-tg)

(i) Stage 9 (tg—tg)

III. DESIGN CONSIDERATIONS

not satisfied the converter will reach the topological stage

analysis.
vio 4 A. Considerations for Correct Operation
1 -mz For the correct operation of the converter according to the
> stages described above, the passive elements must be
g0 : _____ : designed as following:
:\ .l, 4 P ¢ In stage 8(a), the energy accumulated in Ca, must to be
\'_/.' T, ! ' : > sufficient to increase the inductor Ls, current to the value of
" e :::t::::l . : : the input current, before V¢, reaches zero. If this condition is
] o GO |

8(b) depicted in Fig. 8, where soft switching condition at turn

: on is lost. Hence:
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Fig. 8. Undesirable stage

Fig. 7. Waveforms for commutation analysis
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Lew.wysier. (29)

2 2

Substituting (23) in (29), results in:

ZS — L <Q b} (30)
C,, I

For a given value of Z; impedance defined by (31) the
expression (30) will be valid for any input current below the
peak value, assuring soft commutation for any value of input
current.

7= | LYo, (1)
CSZ ]PK

I, . N
Pk is the peak of sinusoidal input current.

e In stage 7, if the inductor current reaches the input
current value before the voltage VCs2 reaches the output
voltage, the converter may evolve to stage shown in Fig8(b)
and therefore the zero current turn on is lost.

From (20), it is established that the inductor current
reaches input current at the angle ws.t = w/2. Hence, to satisfy
the restriction for stage 7 described above, the voltage across
capacitor Cs; must be lower then output voltage V, at the
angle ws.t = /2 . Then, from (21):

vt iy oy 2, (32)
C.o, ,

Vo |G, (33)

1Z, \C,

Defining the parameter x as the ration between capacitors
Cs and C,, then:

x=Ss (34)

In order to ensure soft commutation for a given minimum
input current, the parameter x is obtained from (35).

]m:\F (35)
Imin X

The resonant elements are calculated by the (36) and (37).
L, (36)

1 2, (37)

B. Time Interval for Snubber Circuit Operation

In PFC the input current and duty cycle are variable
during a main cycle, then the time interval available to stages
of operation of snubber circuit is limited as function of the
input current and duty cycle.
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A _ 11 +acos(—x)+l.atan I-x
o, | T Vx+1 x x ’

(38)
ST;w‘Dmin

Where T, is the switching period.

According to (38) the time interval At,, is proportional to
the input current. Hence its maximum value corresponds to
the peak input current:

A, - fppacosC0 bl Imx )
(o Vx+1 X x

swmin ( 3 9)

X
» (40)

The time interval for stages 6, 7, 8 e 9 must be smaller
than the smallest conduction time for diode Dy, (Dy):

I
A, -1 i(l_\/;)+L.asen RN

s pk

I, ho1,°
+asen| x|+ l(i: -1)
1 x I

<r,(1-D,,)

max,

1 1-
+ —=-atan
Vx [ x

, (4D

When duty cycle is in its maximum, the input current is in
its minimum and the time interval Aty is:

1 1 T 1 1
Ato[f' :a)x'|:\/;—1+2+\/;'asen(‘\/;>+x.‘\/l—x:|’

S Z\"w'(l _Dmax)

(42)

[\/1;—1+72[+\/1;~asen(\/;)+i.\/m}

5 1,(1-D,,)

sw max

. (43)

The capacitor Cs and inductor L are determined from (36)
and (37), using the largest value of the frequency s,
obtained from expression (40) and (43).



IV. EXPERIMENTAL RESULTS

Figures 9 to 12 shows the experimental results for output
power Po =3000W, output voltage Vo = 400V, input voltage
Vi= 220V and switching frequency fs = 50 kHz.
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The passive components used have the following values:

Ls; (Lsy) =2.55 pH;
C81 (CSz) =10nF 5
Ca, (Cay) =220 nF
Lg =400 pH.

Figures 13 and 14 shows switch commutation for the
minimum input current with guarantees soft commutation.
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Fig. 9. Input voltage and current waveforms.
Voltage 100V/div, current 10A/div and time 2.50ms/div.
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Fig. 10. Output load vs. converter efficiency.

(Watts) Fig. 11. Turn on commutation in M..

Voltage 100V/div, current 10A/div and time 500ns/div.
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Fig. 12. Turn off commutation in M.
Voltage 100V/div, current 10A/div and time 500ns/div.

V. CONCLUSIONS

The results obtained with the proposed PFC circuit
associate with a non-dissipative passive snubber lead to the
following conclusions:

e The converter operates with unit power factor;
e  The commutation losses are very small;

e The converter operates with high efficiency;
e  Switches operate with soft commutation.
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