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Abstract

In this paper a novel passive snubber is proposed, which can suppress the voltage spike across the bridge leg of the isolated
full-bridge boost topology. The snubber is composed of capacitors, inductors and diodes. Two capacitors connected in series are
used to absorb the voltage spike and the energy of each capacitor can be transferred to the load during one switching cycle by
the resonance of the inductors and capacitors. The operational principle of the passive snubber is analyzed in detail based on
a three-phase power factor correction (PFC) converter, and the design considerations of both the converter and the snubber are
given. Finally, a 3kW laboratory-made prototype is built. The experimental results verify the theoretical analysis and evaluations.
They also prove the validity and feasibility of the proposed methods.
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I. INTRODUCTION

Power factor correction (PFC) is one of the most effec-
tive methods for reducing harmonic current and increasing
power factor [1]-[4]. Based on their circuit structures, PFC
techniques are usually divided into two categories: two-stage
and single-stage approaches. The first stage of the two-stage
approach is a PFC circuit and the second stage is a DC/DC
converter. As a result of these two processing stages, con-
version efficiency is reduced and an extra PFC stage adds
both components and complexity. The single-stage approach
can overcome these drawbacks. This approach uses only one
stage circuit to achieve both PFC and DC/DC conversion, and
it has the advantages such as high efficiency, simplicity and
low cost [5]-[8]. Therefore, single-stage PFC is an important
developing orientation of PFC techniques [9], [10].

The isolated full-bridge boost topology is attractive in
applications such as isolated DC/DC converters, as well as
single-phase and three-phase single-stage PFC. This is due to
the fact that it can: 1) realize electrical isolation between the
input and output sides and the output voltage regulation, 2)
achieve soft-switching for all of the switches, and 3) avoid
the short-through problem of bridge leg switches [11]-[14].
However, the topology itself has a serious problem. Due to
the existence of the transformer leakage inductance, there is
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a voltage spike across the bridge leg, which will increase
the voltage stress on each of the switches and decrease the
reliability of the topology [15], [16].

To suppress the voltage spike, a number of techniques have
been proposed. A method based on the active clamping tech-
nique is introduced in [17]-[20], a passive clamping technique
is proposed in [21] and a passive snubber is investigated in
[22], [23]. The voltage spike is efficiently suppressed after the
adoption of each of the above methods. However, all of them
have their own drawbacks. 1) For the first method, an addi-
tional switch is introduced, which increases the complexity of
control circuit and reduces the reliability of the whole system,
moreover, the switching frequency of the additional switch is
two times as high as that of the main switches, so it is difficult
to choose the additional switch. 2) For the second method, the
problem of magnetic bias of the power transformer appears
after the adoption of the passive clamping circuit. 3) For the
third method, a diode is connected in series with the bridge
leg switches, which increases some of the losses and reduces
the efficiency of the converter.

In this paper, a novel passive snubber is proposed, and
its investigation is based on a three-phase single-stage PFC
converter. Theoretical analysis and experimental results show
that the voltage spike can be suppressed efficiently after
the adoption of the snubber which can also overcome the
drawbacks of the methods in [17]-[23].

II. OPERATIONAL PRINCIPLE

A three-phase single-stage PFC converter based on an
isolated full-bridge boost topology is shown in Fig. 1, where
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Fig. 1. Three-phase single-stage PFC converter based on isolated full-bridge
boost topology.

the passive snubber proposed in this paper is composed of
C], C2 (C] = Cz), L1, L2 (L1 :Lz), DCI’ DC2 and Dc. The
PFC converter is mainly made up of six parts: a three-
phase input AC source ug,, up, and us,, an input rectifier,
a passive snubber, a phase shift full bridge (PSFB), a high
frequency transformer, an output rectifier and a filter. L,, Ly,
L. (L, =Ly =L, =L) are the boost inductors. The PSFB is
the main part of the converter, where the duty cycle of each
switch is fixed at 50%, the switching states of S; & S, are
contrary to those of S3 & S4 and the switching phase between
St and S, S3 and S4 can be controlled to regulate the output
voltage. Dgs1-Dgsq are the body diodes of the switches S-Sy,
Ly, and n are the equivalent leakage inductance and the voltage
ratio of transformer T, respectively.

The converter in Fig. 1 operates in discontinuous current
mode (DCM). When the bridge leg switches are shorted (S;
& S; or S3 & Sy are turning on), the boost inductors are
charged by u,,, up, and u.,, and the input current increases
almost linearly. When the bridge diagonal-leg switches turn
on (S; & S4 or S & S3 are turning on), the output current is
provided by ug,, up, and uc, and L,, Ly and L., and the input
current decreases. It can be seen that the process above is
repeated periodically. The discontinuous input current follows
the envelopes which are proportional to the input voltage.
Therefore, both PFC and AC/DC conversion can be achieved.

To simplify the analysis, we assumed that: 1) all devices are
ideal, 2) the capacitor C is large enough, so the output voltage
U, can be considered as a constant value, and 3) during one
switching period, the changes in ugy, up, and u., are negligible
because the switching period is much shorter than the line
period. The following analysis is during one charging period
of the boost inductors in the time phase of 0 < wr < /6, in
which the relation of the three-phase voltage is up, <0 < ug,, <
ue,- The theoretical waveforms and the equivalent circuits of
different stages are shown in Fig.2 and Fig.3, respectively.

Stage 1 (before #g): S» and S3 are turning on, while S; and
S4 are turning off. The converter operates in DCM, so the
current of the boost inductors has been reduced to zero before
t9, and then the current in both the primary and secondary sides
of transformer T is zero. The voltage across the primary side of
transformer T: Uy = nU,, Ucy = Uy =nU, /2, Usy = Usq = nU,
and Ugy = Usz = 0. The diodes Dg;-Dsy4 are all turning off. In
this stage, the output current is only provided by capacitor C.

Stage 2 (tp—t1): At 1y, S| turns on with a zero current, and S3
turns off with a zero voltage and current. The diodes Dy, D3
and Ds are turned on, and the current of the boost inductors
ira, irp and ip. increases linearly. In the snubber circuit, C;
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Fig. 2. Theoretical waveforms.

is resonant with L; through Dcj, S; and S;. Furthermore, C;
is resonant with L, through S;, S; and Dcj. Therefore, the
voltage of C; & C; and the current in L; & L; are:

1
Mcl/cz(t) = E”ZUO Cos m

; nU, /Cy . 1
lLl/LZ(t):T\/fI51n Tcl(t—to). 2)

At t1, Ucy = Ucr =0, and the energy of C; and C; is
transferred to L; and L, entirely. In this stage, the output
current is only provided by capacitor C. The duration of this
stage is calculated as:

(t—1) ey

fo1 = g LCy. (3)

Stage 3 (t;—t): In this stage, i;4, irp and if. still increase
linearly, and the output current is also provided by capacitor C
alone. The voltage of C; or C; is zero, so diode D¢ is turned
on, L, is connected in series with L,, and their current flows
through Dc1, S1, Sz, Dz and Dc.

Stage 4 (1,—13): At tp, Sy turns off, and S4 turns on with a
zero voltage. C; and C, are charged by L,, Ly, L., L and L,.
The voltage across the bridge leg increases from zero, so S;
turns off with a zero voltage. The inductance of each boost
inductor is large enough, so that the change in their current
can be ignored during this small charging period. The voltage
expression of C; or C; is given in (4):

11 j12peak — ILbpeak

ucy/c2(t) = C (t—12) 4)
nU, C]
ILI/L2pea.k = 20 fl &)
u
Ipreak = %DT (6)

where, T is the charging period of the boost inductors, and
D= (tp —1)/T is the duty cycle of the converter.

At 13, the charging process of C; and C; is over. Therefore,
Uk = —nUo, UC] = UC2 = nU,,/Z, U51 = Us4 =0 and Usg =
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(a) Stage 1 and stage 8.

(e) Stage 5.

Usz = nU,. In this stage, the output current is only provided
by capacitor C. The duration of this stage is calculated as:

nU0C1
2(IL1 j12peak — ILbpeak)

13 = @)
Stage 5 (13—t4): In this stage, the current of L,, Ly, L., L1 and
L, flows through S, S4 and transformer T to the load, and then
it begins to decrease. On the secondary side of transformer T,
Doy and Doj3 turn on. In this stage, the expression of iy; and
irp is:
. nU,
iL1/L2(t) = IL1 /Lopeak — oL,

(t—13). ®)

At t4, ir; and ipp reduce to zero, so that the duration of this

Journal of Power Electronics, Vol. 11, No. 3, May 2011

C
1 L,
e
D4 D5 D5 Cl — -
K E X Do SYD,Ss

(f) Stage 6.

Z’S N * Du DS'—|
L, D D, D
Uan A L T C T
Upn "*\L [
w.. Le C
cn

N Dcz

n:l
$ N
Dszs4 Dss Doz Doy

(g) Stage 7.

)
4]
MO
Q
o)

==

&
ﬁm
Np

Fig. 3. Equivalent circuit of each stage.

stage is calculated as:
LC. ©)]

Stage 6 (t4—t5): In this stage, ir,, i1, and if. still decrease.
At t5, i7, reduces to zero, and D; turns off.

Stage 7 (t5—t¢): In this stage, i;, and if. still decrease. At
te, irp and iy reduces to zero, and D3, D5, Doy and D3 turn
off.

Stage 8 (t6—t7): The equivalent circuit of this stage is the
same as that of stage 1. The current on the primary side of the
transformer is zero and the output current is only provided by
capacitor C.

In the analysis above, it is assumed that u,, is large enough
that iy, reduces to zero after iy (or irp). If ug, is not large
enough, iy, will reduce to zero before iy (or irp). After #7,
the converter operates in another charging period of the boost
inductors, and the switching states between S; & S3 and
between S, & S4 are exchanged.

III. DESIGN CONSIDERATIONS

A. Voltage stress of switches S1~S4

From the analysis above, it can be seen that when the bridge
diagonal-leg switches turn on, the voltage across the bridge is
equal to that across the primary side of the transformer (Uy). It
is known that under ideal conditions Uj, = nU,. However, under
real conditions, the voltage inducted by the leakage inductance
of the transformer (L;;) must be considered.

At 1p, the bridge diagonal-leg switches turn on. At this
moment, the current of the boost inductors increases to the
maximum value of one charging cycle, and the boost inductors
begins to discharge though the load. The equivalent circuit at
this moment is shown in Fig. 4, where Cc = Cy /2.

At 1, Uce =0, i =0, icc. = —igp, and the voltage of C¢
begins to increase. The time tg is defined here. At 7, the
voltage of Cc is increased to nU,, that is Uc.(ts) = nU,. As
a result, after fg, iy increases, ic. decreases, and the voltage
of C¢ continues to increase. The decrease in current —ij; can
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Fig. 4. Equivalent circuit.

be ignored at this point. Therefore, after zg the following is
obtained:

ice(t —ts) +iLk(t —1s) = —itp (10)

. dAucc(t — ¢

zCC(t—tS):cc$s) (11)
dip i (t — ¢

Auce(t —ts) = le% (12)

where, Aucc(t —ts) is the increasing value of the voltage of
Cc after tg.

From (10), (11) and (12), the following differential equation
is obtained:

d2A”Cc (t - tS)

Auce(t —ts) + LixCe a2 =0. (13)

This equation (13) has the following initial data:
Auce(ts) =0 (14)
ice(ts) = —iLp (15)
iLik(ts) = 0. (16)

As a result, the solution of (13) is:
2L 2t

Auce(t —ts) = —irp C—l“‘ sin \/quTl (17)

Therefore, the voltage of the four switches can be obtained
as follows:

2Lk . V2t
— S1n .
(& VLiCi

Us = nU, — irp(t) (18)

B. Design issue of the passive snubber

From (18), the relationship between Us and C; can be
obtained as in Fig. 5. It can be see that Us will decrease as C;
increases. If the voltage spike (the latter item of (18)) is limited
to within 20% nU,, then C; must be larger than Cy;, Ci» and
Ci3 (C11 < Cyp < Cy3) for different leakage inductances Ly,
Lo and Ly (L < Lz < Liga).

When the bridge diagonal-leg switches turn on, the voltage
of C; (or Cy) is Us/2 (the voltage inducted by the leakage
inductance is considered here). If the voltage spike is limited
within 20%nU,, the following is obtained:

Us /2 < 0.6nU,. (19)

From (19), it is known that during the phase when the bridge
diagonal-leg switches turn on, the voltage of C; (or () is
lower than nU,. When the bridge leg switches are shorted,
the voltage of C; and C, begins to decrease. The operational
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Fig. 6. Relationship between Is and L.

analysis above is under the condition where the converter is
operating with a full load. As a result, the voltages of C;| and
C, reach to zero at the end of the phase when the bridge leg
switches are shorted. On the other hand, if the converter was
operating with a light load (under the minimum duty cycle
D), the voltages of C| and C; can not reach to zero during
that phase. To avoid over-voltage on the bridge leg after several
charging periods, the voltages of C| and C, must be lower than
nU,/2 at the end of the phase when the bridge leg switches
are shorted. As a result the following is obtained:

5
v/ L;C] arccos 3 < DpinT . 20)
It is equal to:
LiC; <2.87D%, T 1)

From the above analysis, the current stresses of the four
switches can be obtained:

1C
Is = [ILbmax| Jr2ILl/LZpeak = [ILbomax | +nUs fl (22)

From (22), the relationship between Is and L; can be
obtained in as in Fig. 6. It can be seen that I increases as
C, increases, and that it will decrease as L; increases. It can
also be seen that to meet (20), L; must be lower than L, L
and L1z (L11 > L1» > Ly3) for the different capacitances Cyy,
Ci2 and Cy3 (Cy1 < Cp2 < Cy3).

IV. EXPERIMENTAL RESULTS

To verify the theoretical analysis and evaluations mentioned
earlier, a 3kW laboratory-made prototype of this converter was
built. The basic circuit parameters and the main components
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Fig. 8. Voltage across primary side of T without the snubber.

used in this prototype are: L, =Ly, = L. =76uH, L1 =L, =
150uH, Ly = 6uH, C; = C, = 100nF, C = 1000uF, n =2,
S1-S4: EUPEC BSM75GB120DN2 (the switching frequency
is 20kHz).

Fig. 7 shows the input waveforms of phase A, and the
current waveform is when a simple LC low-pass filter is
introduced. We can see that the input current is sinusoidal
and follows the input voltage.

Fig. 8 and Fig. 9 are the voltage waveforms across the
primary side of T. To protect the circuit, the experimental
result in Fig. 8 is obtained at a very low voltage, and the
voltage spike is much smaller than that produced at full load
(3kW). The result in Fig. 9 is obtained at full load. We can see
that the voltage spike is suppressed greatly after the passive
snubber is adopted.

Fig. 10 to 12 show the experimental waveforms of the
switches S; and S, at full load. It can be seen that S; achieves
ZCS and turns off with a zero voltage, and S, achieves ZVS
(the switching states of S3 and S4 are the same as those of S
and S, so the related results are not presented here). Fig. 13
gives the voltage waveforms of C;, which show the charging
and discharging processes of Cj.

The experimental efficiency curve is drawn in Fig. 14. As
can be seen the prototype converter shows good performance
in conversion efficiency, especially under full load (3kW).
Compared with other methods it can bee seen that: 1) the
efficiency of this snubber is higher than that of a traditional
RCD snubber and the passive snubbers in [22], [23], 2) the
efficiency of this snubber is similar to that of the active
clamping circuits in [17]-[20] and the passive clamping circuit
in [21], while the reliability is much higher.

......... las

T Vesst: 10Vidiv |

A

Vest: 10'\|'.r"'di\‘

A

e

1
deest: 10A/diy

10ps/div

Fig. 11. Driving signal and current of Sj.
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Fig. 12. Driving signal and voltage of S,.
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Fig. 14. Efficiency of the prototype.

V. CONCLUSIONS

In this paper, a novel passive snubber is proposed and
investigated based on a three-phase single-stage isolated full-
bridge boost PFC converter. The results show that the adoption
of this snubber can realize both the suppression of the voltage
spike across bridge leg switches and the energy transfer from
the snubber itself to the output side. The operational principles
and the design considerations of the passive snubber are
discussed in detail. Finally, following the design procedure,
a 3kW laboratory-made prototype is built, through which the
theoretical analysis and evaluations are verified.
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