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Abstract - A l o s s l e s s turn-on snubber was studied
analytically, by s i mulati o n and experimentally.
Limits were found f o r the proper operation o f the
snubber and are expressed as permissible duty c y c l e
as a function o f input current. It was found that a
modified version o f the snubber, which includes a
tapped main inductor, improves the performance by
a
wider
operational
range.
The
allowing
experimental results confirm the theoretical
analysis. A reduction o f power l o s s e s of about 1 9 W
was observed when the snubber was implemented i n
a 1 k W B o o s t converter.

-

Fig. 1. The lossless turn-on snubber (uncoupled inductors
version) implemented in a Boost converter.

I. INTRODUCTION
The recent technological strive toward smaller and lighter
systems imposes an ever increasing demand for the reduction
of size and weight of inverters and converters while keeping
down the overall power loss. This implies high switching
frequencies coupled with soft switching schemes to reduce
switching losses. Among the possible solutions for soft
switching are the dual switch approaches that apply an
auxiliary switch to help smooth the transitions of the main
switch [1,2]. While these solutions are effective in reducing
switching losses [3], they are too costly for many high
volume applications. The present relentless competition in
the power electronics industry calls for simple and
inexpensive solutions to make the design cost effective.
Among the possible approaches for soft switching is the
lossless snubber technology [4-61 which appears to be less
costly than the active snubbers. In this study we analyzed and
evaluated experimentally a turn-on lossless snubber that was
recently proposed [71. The objective was to gain a better
understanding of the operational modes of the snubber, to
drive design guidelines and to verify the theory against
experimental results.
11. PRINCIPLE OF OPERATION

inductor is to control the reverse recovery process of the main
diode (Do). Cs and the bypass diodes are used to recover the
energy trapped in Ls. Also, D1 and D2 clamp the switch
voltage to Vout. The operation of the lossless snubber will
be discussed in relation to the waveforms of Fig. 2 that were
obtained by PSPICE (MicroSim Inc.) simulations.
The operation of the lossless snubber includes six stages
(Fig. 2):
1. The first interval commences when the main transistor Q
turns on. The current through Do and Ls, which starts as Iin,
decreases linearly to zero, changes polarity and then increases
(amplitude wise) linearly until it reaches its maximum
(negative) value 1rm at time tl.
The duration of interval to-tl is found to be:

where Gm defined as the duration until the peak reverses
current is reached. The magnitude of the reverse recovery
current can be approximated by:

In one embodiment of the turn-on snubber (Fig. l), it
comprises a series inductor (Ls), a snubbing capacitor (Cs)
and two bypass diodes D1 and D2. The function of the
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I,=-

Vouttrm
LS

2n .
where Tr = - is the resonant period. The voltage across the
0%
capacitor CS at this instance is:

where
(4)
2. Once the main diode Do is cut off, the inductor Ls and
capacitor Cs are free to resonate in the interval t1-Q

3. During the interval t2-r3 the main inductor (Lm) charges,
diode D1 is off and the voltage across the capacitor Cs is
equal to Vcmax (Fig. 2).
4. The interval t3-t4 starts when Q turns 'off. Diodes D1 and
D2 are immediately clamped to Vout while carrying Iin. The
resonant circuit LsCs is now shorted by the conducting D1
and the current iLs will increase under action of vc until it
will reach Iin. The current of D1 is now the difference
between iL, and Iin. The magnitude of the resonant current
and the capacitor Cs voltage during this interval can be
expressed as:

I

I1 I

I

I1

I
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ih(t) = I h pk -

Vout-Vin
t
Lm

where in Boost topology:

to t l t2

Iin a" is the average inputcurrent, D is the duty cycle and T,
is the switching period.
This interval ends when iLs(Q) = i h ( ~and
) the current of
D1 smoothly reaches zero, turning it off. Approximately

t6

Fig. 2. Basic waveforms of the lossless snubber of Fig. 1.
The diode D1 closes the path of the resonant current of LsCs
and carries the cosinusoidal current that develops. The
magnitude of the resonant current and the capacitor Cs voltage
can be expressed as:

(14)

5 . In the interval U-t5 the input current iin flows through Ls.
Cs and D2 until vc(t>reaches zero. In this moment (t5), Do
will turn-on and D2 will turn-off. The duration of interval Ut5 can be approximated by :

where:
Or=-

The magnitude of the input current and the capacitor Cs
voltage at this moment can be expressed as:

1

(7)
llLscs
t is time, accounted from the beginning of each interval.

The interval tl-t2 ends when the current of D1 reaches zero.
Consequently, the duration of interval t1-Q is found to be:

(8)

6. In the final operational stage t5-t6. Ls and Do are
conducting while the auxiliary diodes are turned off. This
interval ends at t6 (or )when the transistor turns-on.
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Note that the operating conditions of the snubber described
above are for the case:
Iin pk 4 m
(17)
If Iin pk>&m the conduction interval of D1 is much longer
because the commutation process from the diode D1 to the
inductor Ls acts only under the influence of the on-voltage of
the diode after the voltage across the capacitor Cs gets zero.

In. THE COUPLED INDUCTOR REALIZATION

The duration of the interval b-ta can be obtained as before by

(3).

The resonant inductor current Ls and capacitor voltage Cs
at turn-on during the interval ti42 will be:
Vcpl on
s i n (art) (21)
iLs(t)= Irm COS (art) +

A second, more desirable embodiment of the lossless
snubber is depicted in Fig. 3. In this case, the main inductor
is tapped, adding thereby a positive or negative voltage to
Es (Fig. 4).

vC(t>= Irm

4:

sin(art) + vcpl on(l-cos(qt>> (22)

This interval ends at t2 when the current iLs reaches zero.
Consequently, the duration of tl-t2 interval will be:

[

t1-2 = o1r tan- l [ - Vcpl
I r monq + IT]

(23)

The relationship (23) is depicted in Fig. 5 where

*

Fig. 3. The lossless turn-on snubber (coupled inductors version)
implemented in a Boost converter.

Vcp~on

Vcpl o n =

Vcpl on
out

We see that ti-2 increases with rising Vcpi on.
The capacitor's voltage vC(t) (eq. (22)) reaches its
maximum value VCmax at the instance t2. The relationship

Vcpl off

as a function on I& and Vc$l on is depicted in Fig. 6.
We see that due to the coupling, the voltage across the
capacitor gets somewhat larger.
The resonant inductor current Ls and capacitor voltage Cs
during the interval t3-t4 will be:
Fig.

4.

Simplified equivalent circuits of the resonant elements
when the transistor i s 'on' (a) and when the transistor is

iLsW =

'off (b)

For a tap to main inductor turn ratio of n, the magnitude of
the added voltages can be estimated from:

*

VC max

+

Vcpl off sin (art)

(27)

VC(~)
= (VCmax+Vcpl off)cos ( q t ) - Vcpl off (28)
Two conditions must be checked for finding the end
moment t4 of the interval t3-t4:
iLs(t4') = Iin pk
(29)
(30)
vc(t4") = 0
or applying (27) and (28)

Consequently, the maximal reverse current of the main diode
(Do) will be in this case;
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Q"'

m
s cos-1

t4 assumes the value of
equal to t4" in the case

0

Oi2

0.4

0.6

0.8

1

Q'

or t4" whichever is smaller. t4 is

when U' does not exist.
In the case t4=t4', which is denoted as 'Mode 1', the
interval t4-t5 is similar to the one described above for the
uncoupled snubber (eq.(16)).
Now we study the case t4=tJ (Mode 2).
In the interval t445 in Mode 2 the current iLs(t) is rising
linearly under action of Vcpl off:

1.2

I&
Fig. 5. Duration of the interval ti-2 as a function of the peak
value of the normalized reverse current I*rmfor different
values of the normalized tap voltage Vzpl on.

1.4

is the voltage drop on the conducting diode D1. Its
influence is practical insignificant when Vcpi off>>VDl(on),
but in the case Vcpl o f P O its action is very important
because without any voltage source in the network the current
ip&) would not rise and therefore the diodes D1 and D2 would
not be turned off.
The duration of the interval t 4 - t ~can be estimated by
assuming the condition i ~ ~ ( t =5 Iin
) pk:
VDl(on)

1.2

(35)

1

The last equation clearly shows the benefit of coupling:
t4-5 decreases when Vcpl off is larger. This decreases the
minimum permissible value of the turn-off interval of the
switch (toff min) and therefore increases the maximum
acceptable value of the duty cycle for proper operation
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IV. LIMITATIONS

1.2

I&n
Fig. 6 . The peak of the capacitor's voltage V;max as a function
of the peak value of the reverse current &for
different
values of normalized tap voltage v*,p1 on .

To insure complete discharge of Cs before next 'turn-on',
the criteria below should be satisfied:
toff > t3-4+t4-5
(37)
i. e. the minimum value of the turn-off interval of the switch
must conform to:
(374
toff min = t3-4 * t4-5
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We find toff
in Mode 1 under assumption:
Vcpl offi/Vout = 0. The error due to this assumption is
practically insignificant because the duty cycle corresponding
eo toff
is high and therefore Vi, =Vout,
V1,
ofFn(Vout-Vin) = 0. From (31), (16) and (28) we
obtain:

-

where

(39)
The relationship (38) is depicted in Fig. 7. We see that
I'
(03rtoffmin)Mldecreases when +becomes
higher.
VCmax
I;n pk > 0.7. Note that in
Optimum values are when
VEmax
Mode 1 ITn pk! Vzm, < 1.
in Mode 2 in the case
We find
Gn pk > V&ax +
off

-

off

0.7

*

pk

1

VCmax
Fig. 7. The minimum acceptable value of the switch turn-off
interval in Mode 1. (%toff m i n ) ~ as
l a function of the
ratio c n pkNEmax.

veil

under the assumption: Vcpl

0.4

0.1

<<VCmax.

Applying (32), (35) and (27) we obtain:

The relationship (40) is depicted on Fig. 8. It shows that
I*
(toff min)M2 is increasing linearly with
. Optimal
VCmax
-*

+

ratios of l i n p k are near 1.0 when (toff mi,)M2 is about 95VEmax
1000.
The minimum admissible value of the turn on interval of
the switch is obtained from (3), (4) and (23):
ton min = Q-l+t1-2 =

J
"

1

I

1

1.1

I

I

*
VClllax
Analysis of (41) and Fig. 5 show that ton min increases
with rising Vcpl on. Accordingly grows the minimum
admissible value of the duty cycle
ton min
(42)
Dmin =

Fig. 8. The minimum acceptable value of the switch turn off
interval in Mode 2. (ortoff
as a function of the
ratio ITn pkN&m
by different
values of

TS
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v.*ploffNEmax.

V. COMPONENT STRESSES
The current and voltage stresses of the components of the
snubber are given in Table 1 where

v
Ipk sn = Irm +

..?.

lon
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Fig. 9. Experimental waveforms. Compare to Fig. 2.
D = -ton

(45)

TS

Temperature rise without snubber was measured to be
AT=26OC which implies (Fig. 10) that total power
dissipation was about Pdissipated=48.81W. Temperature rise
with the snubber was AT=16OC which implies total losses of
Pdissipated'29.21w. That is, by applying the proposed
lossless turn-on snubber, the power dissipation dropped by
19.6W.

"1
calibration
curve

estimated
conduction
losses
0

Table I. Current and voltage stresses of the snubber components.
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I
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Fig. 10. Calibration curve of temperature rise of heat sink
above ambient and experimental points.

VI. EXPERIMENTAL RESULTS

VII. CONCLUSIONS

The proposed lossless turn-on snubber was tested
experimentally to examine its operation and to assess the
reduction in switching losses. The measured waveforms (Fig.
9) were found to be in excellent agreement with the simulated
ones.
The heat dissipation process of the experimental system
was calibrated by correlating the temperature rise of the heat
sink to the total power losses (Fig. lo). The parameters of
the Boost converter were as follows:
Vin=2OOV; VoUt=4OOV; Pin=lOOOW; Cs=lOOnF; Ls=3pH;
fs = 1OOkHz; n=1/7; reverse recovery time of the main diode
tn=60nS.

The lossless turn on snubber analyzed and evaluated in this
study appears to be a viable choice for practical designs. The
main disadvantage of the snubber is the limitation of the duty
cycle range. In active power factor corrector, maximum
current coincides with maximum input voltage, i.e.
minimum duty cycle. Consequently, the output voltage
should be adjusted such that even for the highest line voltage
expected, D should be above Dmin. Otherwise Ls will not
have sufficient time to discharge. This might lead to a failure.
Another point to be observed is the possibility of D1, D2
conducting during the toff period. This will increase losses
and may cause hard switching at turn-on. The detailed analysis
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presented here and the mathematical relationships derived,
provide a comprehensive information required for a reliable
design. The proposed snubber was implemented in a
commercial product and proved to increase the overall
efficiency by 1%-2% at power levels of 1.5KW. An extra
benefit of the snubber is the reduction of EM1 associated with
the reverse recovery of the main diode.

10. Calculate normalized peak values of the reverse recovery
current and of the voltage across the capacitor:

MPENDIX
SIMPLIFIED DESIGN GUIDELINES
The following procedure is suggested for the practical
design of a turn-on lossless snubber implemented in a Boost
converter.
It is assumed that the following parameters are given:
maximum input (average) current of the converter (Iin max),
minimum and maximum input voltage (Vin min, Vi, ma=),
output voltage (Vout>, main inductance (Lm) and reverse
recovery time (trr) of the main diode Do.
1. Select the switching frequency fs according to the
converter's component values available.
2. Calculate the maximal and minimal values of the duty
cycle corresponding to Vin min and Vi, max:

3. Calculate minimal values of the turn on and turn off
intervals of the switch:
4. Set (Ortoff min) = 270' ... 360° and calculate the
resonant frequency Or using the value of toff min from
step 3.
5 . Determine the magnitude of the reverse recovery current
of the diode Do:
Irm= a Iin max.
It is recommended to choose a = 1.3 ,taking into account
the effect of a large input ripple current.
6. Calculate approximately Ls neglecting the influence of
coupling and assuming that trm=tm:
Vout trr
LS =T
4m
7. Calculate capacitance C, using the data from steps 4 & 6:
1
cs=Or2Ls
8. Calculate the maximal peak value of the input current .
= 0.9 ... 1.0 and using the data of steps 6-8
VCmax
calculate the peak voltage across the capacitor:

9. Set

11. Find normalized value of the coupling voltage VEp1 on
using the plots (Fig. 6) and data of step 10. Note:
coupling is not necessary if the point corresponding to
the data of step 10 lies below the curve V*,,l o@n Fig.
6.
12. Calculate the coupling voltage vCpion =V,*,i on . Vout
and the necessary mns ratio n :
n - Vcpl on
Vin
Note: steps 8-11 correspond to the case when the peak of
the input current has the highest value.
13. Calculate the minimal admissible value of the turn on
interval of the switch ton min putting (vcpi on)Dmin in
(41) and compare the result with the value of ton min
from step 3. In the case (ton min )step 13>(ton minIstep3
we must repeat the design with lower resonant frequency
Or

*

14. Calculate current and voltage stresses of all elements of
the snubber and choose these elements.
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