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Abstract - A passive energy recovery snubber
for high-power—factor boost rectifier, in which

the main switch 1is implemented with a
MOSFET, i1s described in  terms of the
equivalent circuits that are operational during
turn-on  and  turn—off  sequences.  These

equivalent circuts are analyzed so that the
overshoot voltage across the main switch, the
snubber current, and the turn—off transition time
can bc predicted analytically.

The main switch combined with proposed
snubber can be turned on with zero current and
turned off at voltage The

high-power-factor boost rectifier with proposed

limited SIress.
snubber is implemented, and the experimental
results arc presented to confirm the validity of
proposed snubber.

I. Introduction

Snubbers are required to limit di/dt and dv/dt
in the power semiconductor device, keep the
device within its safe operating areas, and to
reduce the switching power losses in the device.
Conventional snubbers, which discharge wvia
resistors, are simple to design and use, but the
energy dissipated in the resistors is proportional
to the switching frequency. Therefore, resistive
snubbers are not practical at the high switching
in the modermn power
electronics high
applications, 1t 1s mnecessary to use an energy
recovery snubber to keep losses to a minimumn,

frequencies encountered

system. In frequency

Proceedings ICPE ’98, Seoul

by regenerating the energy trapped in the
snubber circuit back into the DC rail

For the pulse-width-modulated(PWM) baost
converter, several methods have been described
to recover the trapped energy in the snubber
circuit  [1]-[4].
used in [1}-[2] to regenerate the trapped energy
to DC output. The auxiliary switch also provides
a soft switching for the main semiconductor
switch. But,
needed to drive the auxiliary switch. In [3], the
trapped energy is transferred into the load
through a DC/DC converter. This method could
be expensive due to the

An active auxiliary switch 1s

an additional control circuil is

energy  recovery
converter, as well as being more complex than
other methods. A transformer may also be used
as a passive element in an energy
The

replaced with a transformer, so that the energy

recovery
circuit[4]. turn-on snubber inductor is
in the inductor is recovered into the output via
the secondary winding of the transformer. The
control circuit of this method is the same as
that of the basic boost converter. However, the
transformer for this snubber may be difficult to
construct and the voltage on the main switching
device may exceed the output voltage.

In this paper,
which
components is proposed for boost converter,
the and

characteristics of the energy recovery snubber

a mnew energy recovery

snubber uses a few passive

and operation principles
are presented. The validity of this snubber is

verified through experiment.
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II. Energy Recovery Snubber for

Boost Converter

In a boost converter, the output voltage is
greater than the input voltage. A basic boost
converter 1s shown in Fig. 1. When Q is closed,
the inductor current rises and energy is stored
in the inductor L. The input current flows
through inductor L and transistor Q. If the
switch @ is opened, the energy stored in the
inductor is transferred to load through diode D,
and the inductor cuwrrent falls. The input cwrrent
would now flow through L, C, load, and diode
D. Now, if the switch Q is trmed on again, the
diode D would behave as a short circuit. The
rate of rise of the forward current of Q and the
rate of fall of the forward current of D would
be very high, tending to be infinity. The peak
reverse current could be very high, and the
power semiconductor devices may be damaged.
This
copnecting a di/dt limiting inductor, Ls, between
@ and D. Unfortunately the di/dt Umiting
inductor is equally effective when the transistor
15 turned off and turns the dicde D on again. A
turn-off snubber is therefore needed to limit the

problem is normally overcome by
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Fig. 2. Proposed boost converter circuit.
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nse of voltage across Q. If the switch Q is
constructed  with MOSFETs, the
switching speed of these devices is such that

pPOwWer

often no turn-off snubber is needed. Instead, a
voltage limiter is used to absorb the rate of rise
of the voltage across the MOSFETs [2]-(5].

Fig. 2 shows the circuit diagram of proposed

energy recovery snubber circuit for hoost
converter. Since the circuit  uses  power
MOSFET, the puwpose of turn—off snubber

consisting of Cr and D2 is to clamp the voltage
across this MOSFET. When @ is turned on, the
rate of rise of the forward current of Q is
limited by the current inductor Ls.
When Q 1s turned off, the flow of current to the
load is gradually changed from D2 to DI, and

limiting

the snubber capacitor Cr is charged to its
positive peak value. If Q 1s turned on again, the
trapped energy in Cr is discharged through D3
and Lr, and the polarity of the capacitor energy
is reversed. During the next{ turn=-off transition
period of Q, the snubber energy is recovered
into the load through Cr-D2 path or D3-Lr-D?2

path.

II. Operation Analysis of Boost

Converter with Proposed Snubber

To simplify the analysis, the following
assumptions are made :

1) input filter inductance is large so that I,
is constant,

23 outpul filter capacitance is large so that Vo
is constant,

3} all semiconductor devices are ideal.

Furthermore, the following symbols are also
defined :

w, = 1/\/-_L—suc-r » Z] = \/Ls/cr f
Tn = turn—on period of Q, w, = l/\/TrCi .

ZZ =V L,,/Cr -

Depending on the operating conditions, the
proposed snubber circuit can be in Region-1

operation in which the variation of w,7T,,is in

the range from & to infinity, or in Region-2

- 669 -



opearation in which the varation of wyT,, is In

the rangé between 0 and 7 . The theoretical
waveforms of Fig. 2 for Region 1 and 2 are
shown in Fig. 3 and Fig 4, respectively. The
converter goes through different (opological
modes(M1, M2, ..., M7) in a steady-state cycle.
The <dorresponding  equivalent circuits of the
converter in each of the topological modes are
given in Fig. 5. Since the voltage across outpul

capacitor and the current on input Inductor are

both constant, they are replaced by the dc
sources Vo and I; , respectively.
A. Region-1 Operation (w,7T,, > © )

The sequence of topological modes in

Region-1 operation are M1, M2, M3, M4, M5,
and M6. This operation occwrs for ws7,, > 7 .

o | |
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Fig. 3. Typical Region -1 waveforms.
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Fig. 4. Tynpical Region~2 waveforms.

(q) M7

Fig. 5. Eguivalent circuits for different

topological maodes.

a) To— 71 (MD) : Prior to T}, the MOSFET
Q is off, the diode DI is
conducting. At 73, Q is turned on. The Ls

and rectifier

current linearly falls until it reaches 0, where DI
is turmed off. The Lr current starts to increase
due to resonance between Lr and Cr
Because of contrelled di/dl at turn-on, the
turn-on loss of @ Is negligible and the peak

the

reverse current of D1 can be limited.
b Ti—T3 (M2) : Lr

make a resonance until the resonance brings its

current continues to

current to zero at T%. Cr voltage is decreased

unlil its voltge becomes reversed peak value.
Using the initial Cr voltage of V, and Lr

current of zero at Té the resonant current and

the resonant voltage equations during M1 and
M2 can be written as

Z-I,r( t) = Vp/ngin th
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UCr(t) =
o) T3—T5 (M3)

The operation of the circuit of this stage is
identical to that of the basic boost converter.

dy Ti—T5 (Md) : At T3, Q is turned off. Cr

Vycos wot (1)

: D3 is turned off at T%.

is linearly charged by I; to zero voltage. The
energy trapped in Cr is transferred into the load
during this mode.

e) Ti—Ti (M5)
voltage becomes zero, diode DI 1s turned on
Vot Ve, .
The l.s current builds up and the charging
current into Cr goes down to zero. The induced

absorbed 11 the snubber
capacitor Cr. This stage finishes when the l.s

When the capacitor Cr

The voltage across Q i1s limited by

vollage on Ls is

current becomes J[; and Cr voltage is charged

to its peak value at 7% The stress encrgy
charge into Cr and the epergy recovery into the
load occur simultaneously during this mode.
Considering that the initial Ls current and Cr
voltage are zeros at Tl, the state equations
during M5 are given :
i1y = I;(1—cos wd
vedl) = Ziylpsin wyf . (2)
f) Ti— Ty (M6) © This interval is identical to
the freewheeling stage of the basic boost
converter, During this stage, energy transfer
from source to load occurs. At T3, Q is turned

on again, starting another switching cycle.

B. Region-2 Operation( 0 < w7, < @)

The sequence of topological modes 1In
Region-2 operation are M1, M2, M7, M5, and
M6. Ml and M6 of Region-2 operation are
similiar to those of Region-1 aperation.

a) T3—T% (M2)
make a resonance until Q is turned off. The Cr

voltage is reduced to negative value at T2 when
/2 to m. For

Lr current continues to

wyT,, varies from

0 < wyT,, = /2, the Cr voltage is reduced

to positive value at T%

For the interval T%—TZ, the state equations
of LrCr tank
expressed as (1) of Region-1 operation, .

in Region-2 operation can be

b) T5—T5 \M7) : At 7%, Q is turned off, and
1ts voltage is limited by Vo+ Vi, due to the
conduction of D2. The energy stored in the
inductor Lr is dwectly transferred into the load.
Lr current goes down (o zero at Tj The input
current goes into the load through Ls-DI or
Cr-D2. For /2 <wy,T,, < 7, the

current flowes entirely via Cr-D2 path until the

input

Cr voltage is charged by I; to zero. When the

value of Cr voltage is greater than zero, D1 is
turned on.

) 7%—7‘5 (M5) @ The Ls current builds up
T2 The charging

current into Cr gradually goes down to zero.

until it reaches [; atl

During the conduction of both D1 and D2, the
Ls current and the Cr voltage can be expressed
as the following :

irs = Vel 0)/Zisin wit + I(1—cos w,d

’Ucr(f) == VCr(O) cos w]t + ZlfLsin wlz‘ (3)
where the initial Ls curent is zero and
Vel0) is the Cr voltage at the start of DI

conduction. Since V¢, (0) is not less than zero,
Vi, (0) can be derived from (1) as
e0) = 0, for 7/2 < wyT,, < 7 and

Vedl0)= V,cos wyT,, . for 0 wy T, <n/2. (4)

When
equation (3) is equal to (2). Using (3), the Lr

wyT,, varies from /2 to 7« , the

current and the peak capacitor voltage V, at

the end of M5 can be derived as
Iy = Ve 0)/Zsin wntyy + I(1— cos Wity

Vi = Vel0)eos wityy + Zilpsin wity (5)
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where ., 1s the transition time of Ls current

from 0 to J; for 0 < wy T, < 7/2 .

IV. Operation Characteristics
A Overshoot voltage across Q

When Q@ is turned off, it experiences a voltage
in excess of the output voltage due to the
induced voltage across [.s. s current builds up
until it reaches the input current [, at the end
of Mb. At this point, the Cr voltage 1s charged

to a peak value V.

From (2) and (3), the overshoot voltage V,

can be derived as follows :

V., = Z I, for 7/2 < wy T, and

- Zy -1 -

Vy =g T for 0< w7 =7/2. (6)
The overshoot voltage 1s normalized with

respect to Z) - I, and the normalized voltage
1s plotted in Fig. 6. The normalized overshoot
voltage across the main switch 1s reduced to |
varies from zcro to #/2 , and then

T2

as Wy L om
it is fixed at 1 for wp7Z,, >
B. Peak Lr current

When Q is turned on, apart from taking of
the input current, it also sees the Lr current and
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Fig. 6. Normalized overshoot voltage as a

function of Wy T,

the diode reverse recovery cuwrent. The Lr
current reaches a peak value during M2.

From (1), the peak Lr cwrent [, can be
expressed as

I, = V,JZ,, for n/2 ¢ w,T,, and

[,=V,/Zssin unT,,  for 0C wyT,, =x/2. w5
Substituting (6) into (7) gives

I, = Z,-1,/]Z, = VLs/Lvr- 1, . (8)

The peak Lr cuwrrent 1s directly proportional
the input current. The proportional coefficient is
determined by the square root of ratio of the
current turn-on

limiting inductor Ls to the

resonant tank inductor Lr.
C Turn-off transition time
When Q 1s turmed off, the input current flows

into the through Cr-D2 or l.s-DI1
When Cr voltage is negative. which may oceur

load path.

for wy1,, > 7/2 . the cmrent goes ecntirely
via Cr-D2 path When Cr 1s charged by 1, w
Then, Lr cuwrrent builds

When Lr

zero. DU 1s turned on

up until it reaches /7, current is

equal to {; , the turm—-off transilion is ended.

a) 72 <

Wy Tan

From the voltage equations of (1) and (6), the
Cr vaoltage at the end of conduction period of Q
carn bhe written as

Vel T) =21 [rcos wy T, for 7/2¢ wyT,, <
and Vo T,)=—2,-1; for 7{ wyT,,. (9

Using (9), the charging tme of Cr by I, to
zero when @ is turned off can be derived as
for 7/2 < wyT,, < 7

t. = —1/wycos weT,,

and f, = lw,, for # < wyT,, (10

From (2), the transition time for changing the
flow of input current from Cr~D2 to Ls-Dl is

7/(2w;). Therefore, the total turn-off transition

time £, , which is the time interval of T3— T%
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Fig. 7. Turn-off transition time as a function of
wZTon

for the typical Region-1 waveform of Fig. 3 and
1%— T§ for the typical Region—2 waveform of

Fig. 4, can be expressed as

Witor=—0c08 Wyl o+ /2, for 7/2< wyT,y <7

and Wity = 1+7T/2 , for T < Z,UQT(M . (D
b) 0 < wyT,, < n/2
When Q is turned off, D1 is turned

immediately on. From (4) and (6), the initial Cr
voltage can be derived as

V&(O) = Z1 . []_‘/tal'l szM (12)

Substituting (12) into the current equation of (5)
gives

wltaff = Uny Ton (13)

Using (11) and (13), the tumm=-off transition
time wif,; 1s plotted as a function of wWy7,,
in Fig. 7. The turn—off transition time Wil

varies from 0 to 2.57, depending on wy7T,, .

V. Experimental Resulls

A 100-kHz,

rectifier

snubber has been implemented to demonstrate
the operation. It is regulated at 375-V output

500W high-power-factor boost
with the proposed energy recovery

Fig. 8. Experimental boost rectifier circuit.
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Fig. 9. Measured voltage(upper trace—200
V/div), current(middle trace-5 A/div), and
loss(lower trace-2 kW/div) waveforms of
Q operating in Region-1 (time scale 1y
s/div).

with a 110-220 VAC input range. The power
stage circuit diagram is given in Fig. & which
is 1mplemented In conjunction with a control
circuit [6). The diodes Dz and D4 are used to
Limit the reverse voltage of D1 to Vo+VDz when
Q is tumed on. The main switch Q 1is
implemented with a MOSFET.

Fig. 9 shows the measured voltage, current,
and loss waveforms of Q operating in Region-1.

The snubber components are chosen as @ Ls =
60 #H, Cr = 01 ¢F, and Lr = 10 ¢H. It can
be seen that the tumm-on loss of the main
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switch Q is negligible due to the action of the

cwrrent limiting inductor Ls, and the turn-off
loss of this switch is smaller compared to that
of the conventional boost converter due to the
reduced twrn-off voltage stress of Q. As shown
the

in the voltage waveform of this figure,

measured turn-off transition time f,4 is about
22 us, and the measured T,, is 44 prs. Since
is 44, ZLoff

calculated from (11) as 2.0 u«s. The small

we Lo the theoretical can be

T T T T T

R RIS [

| 4-+ \L-imH 4 -4

ey

=T CRT T

————

(c)
Fig. 10. Measwred Region-1 boost converter
waveforms (time scale: 2 ms/div). (a) I (2
A/div) and Vin(200 V/div), (b) Lr current (2
A/div), and (c) V, (100 V/div).

the mecasured and
to both the

nonideal switching devices and the existence of

discrepancy between

theoretical mainly due

l‘off Is

stray Impedance parameters in the experimental
circuit.

Fig. 10 the

‘waveforms for the boost inductor current I,

shows measured Region-1

Lr current, and the voltage across Q at 120 Hz,
which are presented together with the ac input
voltage. In this figure, the peak input voltage is

200-V and the maximum [, current is 5-A.
Using (8), the theoretical maximum peak Lr
curtent can be calculated as 387 A. The

measured Lr current coincides quite well with
the theoretical one. When the boost converter is
operating at 200-V input voltage | the duty rado

of experimental boost converter is 0467, and
hence 7,,is 467 us. Using (6), the maxirnum

overshoot voltage can be calculated as 38.7-V.

and the theoretical maximum Vg becomes
41377-V.  Again, the agrecement between
measured and theoretical overshool voltage is
good.

Fig. 11 shows the measured voltage, current,
and loss waveforms of Q operating in Region-2.
The snubber components are chosen as @ Lg =
60 #H, Cr = 047 uF, and Lr = 110 ¢H It
can be seen that the turn-on loss of Q is

T+

M-

WSOmVT R (Tgra s o e T
Fig. 11. Measured voltage(upper trace-200
V/div), current(middle trace-5 A/div), and
loss(lower trace-2 kW/div) waveforms of Q
operating in Region-2 (time scale: 1 xs/div).

- 674 -



negligible, but the twm-off loss is still
significant due to high turm-off current. The
turn-off current of @ can be reduced to I, if

the snubber is designed to be operated In
Region-1 As shown in the voltage waveform of
this figure, the measured twn-off transition time

t; 1s about 1.2 us, and the measured 7,, is

44 ws. Since wyT,, 1is 061, the theoretical

t. can be calculated from (13) as 1.03 gs.

(c)

Fig. 12. Measured Region-2 bhoost converter
waveforms (time scaler 2 ms/div). (a) I (2
A/div) and Vin(200 V/div), (b) Lr curent (1
A/div), and (¢) V, (100 V/div).

Fig. 12 the
waveforms for the boost inductor current [,

shows measured Region-2

Lr current, and the voltage across Q at 120 Hz,
which arc also presented together with the ac
the peak input

input voltage. In this figure,

voltage is 200-V and the maximum [; current
is 5-A. Using (8), the theorctical maximum peak
Lr current can be calculated as 1.17 A The
measured lLr current coincides quite well with
the theoretical one. When the boost converler is
operating at 200~V input voltage , the duty ratio
1s 0467, and

hence 7,,is 467 us. Using (6), the maximum

of experimental boost converter

overshoot voltage can be calculated as 29.6-V,
and the maximum Vg becomes 404.6-V. The
agreement belween measured and theoretical

overshoot voltage is good.

The input ac voltage and current for both
Region-1 and Region-2, which demonstrates the
high power factor of proposed boost rectifier, are
shown in Fig. 13, The measured efficiency of
the
high-line-input

implemented converter shows 975 % at
945 %  at
in Region-1

voltage  and
low=line-input voltage
The

measured as 965 9 at high-line-input voltage

operation.

efficiency for Region-2 operation is

and 915 % at low-line-input voltage. The

4+{-+—!4—0-—|—+—<I—l+j H-l +1

Fig. 13. Measured input voltage (outer trace-50
V/div) and cwrrent (inner trace-5 A/div)
waveforms(time scale: 5 ms/div).
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measured efficlency of boost rectifier operating
in Region-1 is 1-3% higher than that of the
rectifier operating in Region-2. The measured
power factor is 0.99.

If Q 1s an IGBT, the reduction of tum-off
should be needed. When
snubber is combined with the passive recovery
snubber [7], the turn-off could be
minimised by conftrolling the voltage trajectory

loss the proposed

loss

across the main switch from zero to clamp
voltage.

V1. Conclusion

A passive energy recovery snubber for boost
converter has been presented. The main switch
Q) of the boost converter, which 1s implemented
with a MOSFET in this paper, is turmed on
with zero current and Lwned off with a limnited
voltage clamp. When the snubber 1s designed to
be operated in Region~l, the turn-on loss of Q
is negligible and the turmn-off loss of the switch
that of the
Region-2

compared to
boost

becomes smaller

conventional converter. In
operation of the snubber, the turn-on loss of Q
1s negligible, but the turn-off loss of the switch
is still significant due to high twmn-off current.
If the main switch 1s constructed with an 1GBT,
the passive recovery snubber [7] can be added
to the proposed snubber to control the rate of

risc of its voltage from zero to the vollage

clamp, and to reduce the turn-off loss to a
minimum.

The operation analysis for the proposed
snubber has been done. The overshoot voltage
across the maijn switch is derived and
normalized with respect to Z{p . The

normalized overshoot voltage is reduced to 1 as
varies from zero to /2 , and then it

> 7/2 . The peak

snubber inductor cwrrent is dwectly proportional

Wy Ton

15 fixed at 1 for w7,

to the input cwrent. The proportional coefficient
1s determined by the square root of ratio of the

limiting turn-on
tank

transition time wh i,y

currenl inductor l.s to the
inductor Lr. The turn-off

varies from 0 to 257,

resonant

depending on wy 7T,

The high-power—factor boost rectifier with a
passive energy recovery snubber is implemented

to confirm the operation. The experimental
results show good agreement with the
theoretical ones The measured efficiency of the

1-3%

higher than that of the rectifier operating in

boost rectifier operaling in Region-1 is

Region-2. The measured power factor 1s 0.99
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