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Abstract - A lossless turn-on snubber was studied
analytically, by simulation and experimentally.
Limits were found for the proper operation of the
snubber and are expressed as permissible duty cycle
as a function of input current. It was found that a
modified version of the snubber, which includes a
tapped main inductor, improves the performance by
allowing a wider operational range. The
experimental results confirm the theoretical
analysis. A reduction of power losses of about 19W
was observed when the snubber was implemented in
a 1kW 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. Thisimplies 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 cals for simple and
inexpensive solutions to make the design cost effective.
Among the possible approaches for soft switching is the
| ossless snubber technology [4-6] which appears to be less
costly than the active snubbers. In this study we analyzed and
evaluated experimentally a turn-on |ossless snubber that was
recently proposed [7]. 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.

1. PRINCIPLE OF OPERATION

In one embodiment of the turn-on snubber (Fig. 1), it
comprises a series inductor (Lg), a snubbing capacitor (Cg)
and two bypass diodes D1 and D2. The function of the
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Fig. 1. The lossless turn-on snubber (uncoupled inductors
version) implemented in a Boost converter.

inductor isto control the reverse recovery process of the main
diode (Dp). Cs and the bypass diodes are used to recover the

energy trapped in Ls. Also, D1 and D2 clamp the switch
voltage to Vgyt. 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 D g and Lg, which starts as ljp,

decreases linearly to zero, changes polarity and then increases
(amplitude wise) linearly until it reaches its maximum
(negative) value Iym at time t1.

The duration of interval tg-t1 is found to be:

tg.p @—— +t 1
0-1 vy M (1)

where ty, defined as the duration until the peak reverses

current is reached. The magnitude of the reverse recovery
current can be approximated by:

Vit
I = out'rm @
Ls
Hence
a
01 @, ©)



where
|rm
=1 4
n
2. Once the main diode Dg is cut off, the inductor Lgand
capacitor Cs are free to resonate in the interval t1-to.
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Fig. 2. Basic waveforms of the lossless snubber of Fig. 1.

The diode D1 closes the path of the resonant current of LsCg

and caries the cosinusoidal current that develops. The
magnitude of the resonant current and the capacitor Cg voltage

can be expressed as:

iLs(t) = lym cos(wy t) (5)
|
ve(t) :#‘:‘S sin (wy t) (6)
where;
wp =—= @)

\/LsCs

t istime, accounted from the beginning of each interval.
Theinterval t1-to ends when the current of D1 reaches zero.

Consequently, the duration of interval t1-t2 is found to be:

Tr
t12=7 (8)

where Ty = 5—\/9 is the resonant period. The voltage across the
r

capacitor Cg at thisinstanceis:
Vemax = Vout trm Wy ©)

3. During the interval t2-t3 the main inductor (L m) charges,
diode D1 is off and the voltage across the capacitor Cgis
equal to Vemax (Fig. 2).

4, Theinterval t3-t4 starts when Q turns 'off'. Diodes D1 and
D2 areimmediately clamped to V gyt while carrying lin. The
resonant circuit LsCsgis now shorted by the conducting D1
and the current i_gwill increase under action of vc until it
will reach ljn . The current of D1 is now the difference
between i|_gand ljn . The magnitude of the resonant current
and the capacitor Cg voltage during this interval can be
expressed as.

iLs(t) = Irmsin (wy t) (20
. Vout-Vin
lin(®) = lin pk - —Q (11)
m
where in Boost topology:
VinDTs
linpk =linav + —5— 12
inpk = linav 2Lm (12)

lin av isthe average input current, D isthe duty cycleand Tg
is the switching period.

Thisinterval endswhen i ((t4) =iin(t4) and the current of
D1 smoothly reaches zero, turning it off. Approximately
sin- 100 DKO

elm @

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

1
t3-4= wr (13)

V
iin(ta) = iLs(ta) = C“‘L""X sin(wita) (14)
S
NE
ve(tsg) =Vemaxcos (Wi tg) (15)

5. Inthe interval t4-t5 the input current ijn flows through L,
Cgand D2 until vc(t) reaches zero. In this moment (ts5), Dg
will turn-on and D2 will turn-off. The duration of interval t4-
t5 can be approximated by :



e = Csvc(ta) (16)
" in pk

6. In the final operational stage ts-tg, Lg and Do ae

conducting while the auxiliary diodes are turned off. This
interval ends at tg (or tg )when the transistor turns-on.

Note that the operating conditions of the snubber described
above are for the case:

lin pk£|rm (17)

If lin pk>Irm the conduction interval of D1 is much longer
because the commutation process from the diode D4 to the
inductor Lg acts only under the influence of the on-voltage of
the diode after the voltage across the capacitor Cg gets zero.

[1l. THE COUPLED INDUCTOR REALIZATION

A second, more desrable 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
Lgs (Fig. 4).
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Fig. 3. Thelossless turn-on snubber (coupled inductors version)
implemented in a Boost converter.
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Fig. 4. Simplified equivalent circuits of the resonant elements
when the transistor is 'on' (a) and when the transistor is
‘off' (b)

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

Vepl on=NVijn (18)

Vepl off =N (Vout - Vin) (19)

Consequently, the maximal reverse current of the main diode
(Do) will bein this case:
_ VouttVepl on) trm
rm-— L
S

The duration of the interval tg-t1 can be obtained as before by
Q).

The resonant inductor current Lg and capacitor voltage Cg
at turn-on during theinterval t1-to will be:

(20)

v
iLs(t)= Irm cos wy t) + — 220 sin (w, 1) (21)
LS
e

Ls
ve(t) =lIrm \/C:s sin(wy t) + V¢pl on(1-cos(wy 1))(22)
Thisinterval ends at tp when the current i) . reaches zero.
Consequently, the duration of t1-to interval will be:

€ f‘E‘I LsO U
t1.0=— gt 18 MNCs + S 23)
2 =—&tan —_——
27w 8 g Vepl on @ Pa

Therelationship (23) is depicted in Fig. 5 where

| = 24
m = lmry (24
Vepl on
Vcpl on = v (29)
out

We seethat t1.2 increases with rising V ¢pl on-
The capacitor's voltage vc(t) (eg. (22)) reaches its
maximum value V cmax at the instance to. The relationship
V Cmax
Vout
asafunction on IFm and Vc*p| on isdepicted in Fig. 6.

We see that due to the coupling, the voltage across the
capacitor gets somewhat larger.
The resonant inductor current Lg and capacitor voltage Cg

during the interval t3-t4 will be:

Vémax = (26)

Ve max * Vepl off

Ls
Cs
ve(t) = (VCmax*Vepl off)cos (W t) - Vepl off (28)
Two conditions must be checked for finding the end
moment t4 of the interval t3-t4:

iLs(t4) = lin pk

iLs(h) = sn(wyt)  (27)

(29)



ve(tg™) =0 (30)
or applying (27) and (28)
22 Ls C')
¢ lin pk g
e sinl
t4=VLsCs sin gVCmax"'chI offﬂ (31)
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Fig. 5. Duration of theinterval t1-2 as a function of the peak
value of the normalized reverse current |*rm for different
values of the normalized tap voltage Vc*p| on -
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Fig. 6. The peak of the capacitor's voltage VE:max asafunction
of the peak value of the reverse current |*rm for different
values of normalized tap voltage Vc*p| on -

t4"=1/LCs cos™ 133\/—9 (32)
g Cmax 1T
&Vepl off @

t4 assumes the value of t4' or t4" whichever issmaller. tz is
equal tot4" in the case

VCmax*+Vepl off
Ls
Cs
when t4' does not exist.
In the case ty=ty', which is denoted as 'Mode 1', the

interval t4-ts is similar to the one described above for the

uncoupled snubber (eg. (16)).
Now we study the casetg=ty" (Mode 2).

In the interval t4-ts in Mode 2 the current i_g(t) isrising
linearly under action of V¢p) off:

lin pk > (33)

. w  Vepl offtVD1(on
Lsfta") + —R- A ¢

iLs(t) = (34)

VDb1(on) is the voltage drop on the conducting diode D1. Its
influence is practical insignificant when Vep| off>>V D1(on),
but in the case V¢p off»0 its action is very important

because without any voltage source in the network the current
i|_s(t) would not rise and therefore the diodes D1 and D, would

not be turned off.
Theduration of the interval t4-ts can be estimated by

assuming the condition i g(ts) = lin pk:

_[lin pk - TLs(4")]Ls
Vepl off+tVD1(on)

(35)

The last equation clearly shows the benefit of coupling:
t4.5 decreases when Vep) 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

toff min

Dmax=1- T_S (36)

IV.LIMITATIONS



To insure complete discharge of Cg 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:
(378)

toff min =13-4+ 4.5

We find toff min in Mode 1 under assumption:
Vepl off/Vout = 0. The error due to this assumption is

practically insignificant because the duty cycle corresponding
to toff min is high and therefore Vin »Vout »

Vepl off=N(Vout-Vin) » 0. From (31), (16) and (28) we
obtain:

ain pk O VCmax
in max
(Wrtoff min)m1=sin’] 2 cos(wrt4)
VCmaxﬂ lin pk
(38)
where
Ls
| | Cs (39)
|npk =linpk Y, out

The relationship (38) is deplcted in Fig. 7. We see that

(Wrtoff min)m1 decreaseswhen LP_ becomes higher.
Cmax

|.*
Optimum values are when %% > 0.7. Note that in
Cmax

Mode1 lin pk /VCmax < 1.
Wefind toff minin Mode 2 in the case

lin pk > Vemax + ch)l off
under the assumption: V cp| off <<V Cmax-
Applying (32), (35) and (27) we obtain:

V* * O
E:max %r: pk -12(40)
chl off EVCmax 7))

(Wrtoff minM2 :% -1+

The relationship (40) is depicted on Flg 8 It shows that

(toff min)m2 isincreasing linearly with \;_np_ Optimal

Cmax

|.*
ratios of %& are near 1.0 when (toff min)m2 is about 95-
VCmax
1000,
The minimum admissible value of the turn on interval of
the switch is obtained from (3), (4) and (23):

ton min =to-1+t1-2=
e e
e ¢ a
=l Tig 1+a Wr e 13

Analysis of (41) and Fig. 5 show that tgn min increases
with rising Vepl on. Accordingly grows the minimum
admissible value of the duty cycle
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Fig. 7. The minimum acceptable value of the switch turn-off
interval in Mode 1. (Wtoff min)M1 &s a function of the

ratio |i*n pk /Vémax .
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Vemax The proposed lossless turn-on snubber was tested

Fig. 8. The minimum acceptable value of the switch turn off
interval in Mode 2. (Wrtoff min)M2 @s a function of the

ratioli*n pk Némax by different values of VC’E,| off
N Cmax -

V. COMPONENT STRESSES

The current and voltage stresses of the components of the
snubber are given in Table | where

Vepl on
lpk = Irm + —2=0 43)
Ls
&
Ls
Vemax = Im\ [ &2 *2Vepl on (44)
s
D= to_n (45)
=T
Doff=1-D (46)

Irm - see eq. (20); Vepl on - (18); Vepl off - (19); t3-4 - (31)
or (32); ta5- (38) or (40), wy - (7).

Ipk Irms lav Vmax

Ls |Ipksn

lin \/ Doff

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. 10). The parameters of
the Boost converter were as follows:

Vin=200V; V out=400V; Pjn=1000W; Cs=100nF; Lg=3uH;
fs = 100kHz; n=1/7; reverse recovery time of the main diode
trr=60nS.
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Fig. 9. Experimental waveforms. Compare to Fig. 2.

Temperature rise without snubber was measured to be
DT=26°C which implies (Fig. 10) that total power
dissipation was about Pdjssipated=48.81W. Temperature rise
with the snubber was DT=16°C 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.
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Fig. 10. Calibration curve of temperature rise of heat sink
above ambient and experimental points.

VII.CONCLUSIONS

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 Dmjn. Otherwise Lgwill not
have sufficient time to discharge. This might lead to afailure.
Another point to be observed is the possibility of D1, D2

conducting during the toff period. This will increase |osses

and may cause hard switching at turn-on. The detailed analysis
presented here and the mathematical relationships derived,
provide a comprehensive information required for areliable
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 EMI associated with
the reverse recovery of the main diode.

APPENDIX
SIMPLIFIED DESIGN GUIDELINES

The following procedure is suggested for the practical
design of aturn-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, Vin max)
output voltage (V gyt ), main inductance (Lm ) and reverse
recovery time (tr ) of the main diode Dg.

10.

11.

12.

Select the switching frequency fs according to the
converter's component values available.
Calculate the maximal and minimal values of the duty
cycle corresponding to Vin min ad Vin max:
Vin min Vin max

Vout Vout

Calculate minimal values of the turn on and turn off
intervals of the switch:

Dmax=1- ; Dmin=1-

Dmin 1
ton min :_fs_ . toff min :f—s(l' Dmax)

Set (Wrtoff min) » 2700 ... 3600 and caculate the
resonant frequency wy using the value of tgff min from
step 3.

Determine the magnitude of the reverse recovery current
of the diode Dq:

Irm=alin max-

It is recommended to choosea = 1.3, taking into account
the effect of alargeinput ripple current.
Calculate approximately L g neglecting the influence of

coupling and assuming that tym=ty:
_Vout tyr
S— |_
rm
Calculate capacitance Cg using the data from steps 4 & 6:
1
Cs =
wrlls
Calculate the maximal peak value of the input current .

|.*
Set %& » 0.9 ... 1.0 and using the data of steps 6-8
Cmax
calculate the peak voltage across the capacitor:

Ls

(lin pk)max Cs
a8in pk 0
VEmaxg

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

VCmax =

Ls
| | Cs * _ VCmax
rm =lrm Vour Cmax = Vout

Find normalized value of the coupling voltage Vcpi 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 V2p| on On
Fig. 6.

Calculate the coupling voltage V cpl on =Vepl on * Vout
and the necessary turnsration :



13.

14.

(1

(2]

(3]

[4]
(3]

(6]

[7]

= Vepl on
Vin
Note: steps 8-11 correspond to the case when the peak of
the input current has the highest value.
Calculate the minimal admissible value of the turn on
intel’va| Of the SWItCh ton min puttlng (ch| On)Dmin in

(41) and compare the result with the value of tgon min

from step 3. In the case (ton min )step 13>(ton min)step3
we must repeat the design with lower resonant frequency
Wr.

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