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Function of Snubber Circuits

= Protect semiconductor devices by:

- Limiting device voltages during turn-off transients

- Limiting device currents during turn-on transients

di
- Limiting the rate-of-rise (a) of currents through the

semiconductor device at device turn-on

dv
- Limiting the rate-of-rise (E) of voltages across the

semiconductor device at device turn-off

- Shaping the switching trajectory of the device as it
turns on/off
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Types of Snubber Circuits

Unpolarized series R-C snubbers

- Used to protect diodes and thyristors

Polarized R-C snubbers

- Used as turn-off snubbers to shape the turn-on switching
trajectory of controlled switches.

- Used as overvoltage snubbers to clamp voltages applied to
controlled switches to safe values.

dv

- Limit at during device turn-off

Polarized L-R snubbers

- Used as turn-on snubbers to shapte the turn-off switching
trajectory of controlled switches.

di
- Limit a during device turn-on
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Need for Diode Snubber Circuit

(o
+ L R - L = stray inductance
S |
—N\’j_ O < S5, closesatt = O
Vd D¢ Cs
T - Rs' CS = snubber circuit
3 Sw

p t
VDf(t) vV
d
di| ¢ - Diode voltage
Ls )
d t without snubber
dil_S
- Diode breakdown if Vd + LS? > BVBD
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Equivalent Circuits for Diode Snubber

Ls
O—— Y Y Y\
+
Rs
v, Diode cathode
snap-off “ o anode C
- T ©
o

N\ = Worst case assumption- diode
» t

' Df snaps off instantaneously at end
\I of diode recovery

= Simplified snubber - the capacitive snubber

Ls
- RS:O
+ + B
v aE “Ves T Vs
Vd CS T CS
o
2
Governing equation ‘ Ycs + Ycs = Vd
dt? LsCs LsCs

Boundary conditions - VCS(O_|) =0 and iLS(O") =y
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Performance of Capacitive Snubber

bas ,
Veg(D) = Vg - V4 cos(wt) + Vy C. sin(wgt)
Yoo L N L5
< o~ base ~ s &y .
LsCs &Vd

Y _V’|[1+,\/1+Cbase1;
CS,max dT Cq b
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21
Y, 3+
Cs,max i
_— ] \\‘
Vy ]
2
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O-
O 02 04 06 08 1 12 14 16 18 2
Cbase
Cs
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Effect of Adding Snubber Resistance

Equivalent circuit with snubber resistance Rq

LS
+ -
RS
\% t
Vd Df( )
/T~ Cg
o O
d2VDf dVDf
Governing equation L Cg o2 + RgCq F +Vpg = -Vyg
Boundary conditions
dvne(0H) R.Vy 1,.,R.2
v (04)_ LR and Df( oo sd+rrs
Df re’'s dt CS |_S |_S
Solution for vpe(t)
_ -at Cbase
vpf(t) =-Vy- Vye C sin(wgt - f - X)
W, = L a——S
) O_ ) -
LSCS 2Ls
tan(f) " at()aR VdC s
an(f) = - -— tan(X)=—; =, =
Wals Wy w, ' base Ty Tbase (lelrr)z
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Performance of R-C Snubber

Att=t, vps(t) =V,

tan'l(wa/a) f

ax

- X
L J = + 3
tn w, w, 0
Vmax _ \/ 1
- Vg =1+7\/1 + Cyp - Ry exp(-at.,)
Cyn = CS and Ry = RS
cbase Rbase
2
s o _ Vd
= Cpase™ > and  Rpase = |
Vd rr
3 T T T T 1
O I
_ R s,opt
Cs Cbase r =1.3
NC base
2 ~_—
Vmax T~
vV i
d B
1 il P
1= RsI rr
= Vd
(0] - I —
(0] 1 R o
Rbase
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Diode Snubber Design Nomogram

Wtot
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Need for Snubbers with Controlled Switches

e L,,L,, L, =stray inductances
*3 () T
lo

= Lo=Lj+ Lo+ Lg

di
L o ——
O dt
T \ 4
\YJ |
d (o)
t t t
to T 3 t, 5 6
. idealized
'swA switching
t t loci
6 5 / < Overvoltage at
t turn-off turn—o.ff due to
o stray inductance
A ty

< Overcurrent at
turn-on .

turn-on due to diode
reverse recovery

t
4 t
3 » Vsw
Vd
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Turn-on Snubber for Controlled Switches

Circuit configuration

Turn-off
i T D]c @ | snubber
+ o
D | & ¢

_ w L
/ Csr\ lcs

Equivalent circuit during switch turn-off

= Assumptions

I 1. No stray inductance.
o
Df ZN
2. igyy (M =15(1 - t/tg;)
IO' i w 3. igyy (D) uneffected by
i S snubber circuit.
SW T~ Cs
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Turn-off Snubber Operation

- Capacitor voltage and current for O <t < t;
2
| (t)—Iit and Vo (t) = of
Cs™ Tty Cs™ T 2C4ty;
~ ~ ~ o ot
- For Cg = Cgq, Vog = Vg at t = tg; yielding Cyq = 2V
- Circuit waveforms for varying values of Cg
i i i
sw / sw —  sw —— —T—
lo
iD i I ¢
f Df Dt
<__" tfi <_>_tfi H_tf|
. N
- /<<< N
Vad
\Y
Cs
G < Csa Cs = Cs1 Cg > Cg
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Benefits of Snubber Resistance at S,, Turn-on

(o
I .
-+ D Z2N o @ I Dg shorts out Rg during S,
I turn-off.
—\/\/Fif\/\r—
Vd < During S,, turn-on, Dg
t | -bi dand C
Sw D, reverse-biased and Cq
/ e discharges thru Rq.
CS P
o
e Turn-on with Rg = 0]
disch
tyr —J‘—ﬂ - I(S):’-: Casrge = Energy stored on Cq
dissipated in S, .
Vsw
= Extra energy
Vd Io dissipation in S,
because of lengthened
I owy t t2 voltage fall time.

Cri +trr

Vsw < P
< Turn-on with R4 >0 trr
= Energy stored on Cq i i
D rr
dissipated in Rg f |\
rather than in S, . A
| .
o
_ ' sw Rg
= Voltage fall time kept
quite short. I
rr
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Effect of Snubber Capacitance

Switching trajectory

sSW A
lo P
Cs < Csl RBSOA
\ 4
Cs = Csl
> >
d Vsw
- Energy dissipation
1 | | | Wp = dissipation in
Wt t I/Wbase R :
ota A resistor
0.8 \\4 —4
. |- -] vd W+ = dissipation in
0.6 \\\ ~—— 4 - switch S,
R base _ o
04 ) T SstTayg
~_ Wt/ Whase
- pd _
0.2 —~— & Wiotal =Wr * W7
d _
0o +drderdt "t 1L Whase = 0-5 Vgl ot
O 02 04 06 08 1 12 14
Cq / Cs1
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Turn-off Snubber Design Procedure

= Selection of Cq
= Minimize energy dissipation (W) in BJT at turn-on
= Minimize W + Wt
= Keep switching locus within RBSOA
= Reasonable value is Cg = C4q

e Selection of Rg

+ Vd
= Limit 'cap(o ) = R_s <ler

= Usually designer specifies I, <0.2 |5 so
Vg

= 0.2 |
Rg 0

= Snubber recovery time (BJT in on-state)

= Capacitor voltage = V4 exp(-t/RgCy)
= Time for vpg to drop to 0.1V is 2.3 RgCq

« BJT must remain on for a time of 2.3 RsCs
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w

Overvoltage Snubber for Controlled Switches

Circuit configuration - D, Ry, and C,, form overvoltage snubber
I'S
oO—— Y Y ™M
+
X %
f | ) ROV
Vd ~
L1
S D
- W/ S-S Cov
o

Overvoltage snubber limits magnitude of voltage developed across

SW as it turns off.

Switch S, waveforms without overvoltage snubber

L

- tg; = switch current fall time ; kV4 = overvoltage on S,
kV
d :
kV4=L s =L o
T ﬁ d77s dt ~ Sty
o Vyq _ kvgtg
v v :
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Operation of Overvoltage Snubber

- Doy:Coy Provide alternate path for inductor current as S,,, turns off.
- Switch current can fall to zero much faster than Lg current.
- D¢ forced to be on (approximating a short ckt) by | after S, is off.
- Equivalent circuit after turn-off of S,,.
ILs —
(o NN o o0 o0 g W
Lo . PA/LsCov
-+ e DoyonforO<t<————
Y R
\V/
d J
+ . PA/LsCov
—1 L L <<
_ Cov T VCOV fi
. -
i|_5 = Equivalent circuit while
—» inductor current decays to zero
4+ o—
L + 4\ _ ; + —
v, . £ v Veov(0M) =Vy  1s(07) =1
ov _ Cov _ t
-0 I () =lgcos| —F———1]
Ls Ls Cov

Charge-up of Cg,, from Lg Discharge of C,,, thru Ry,

with time constant R oV C

ov
i DV sw,max
Ls T . T
| o v = Energy transfer from Lg to C,,,
2 2
v b o OVewmad® _ s (0
S 2 - 2
w P 4/Ls C
0 s ~ov
4
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Overvoltage Snubber Design

2
Ls 1o

2
(BVsw,max)

= Cov

e Limit Dsz,max to O.lVd

KVg tyi
- Using Lg = — in equation for C,, yields
0
KV gtsil 2 100k t¢ Ig
e (C = =
oV 5(0.1Vg)2 V 42
~ _ Yilo
= Coyy =200 Cgq where Cqq = 2V which is used

in turn-off snubber

= Recovery time of C,,, (2.3Ry,,Cqy) Must be less

than off-time duration, ot of the switch Sw.

. toff
“Tov” 23c,,
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Turn-on Snubber Circuit

Circuit topology

Snubber —p
«4— cCcircuit

AR

di
o : SwW
Circuit reduces Vg, as switch S, turns on. Voltage drop LS_dt
provides the voltage reduction.
Switching trajectories with and without turn-on snubber.
A'sw
I 0 <
With Without —»
snubber ——p| Snubber
A
di
«— L 2V
S dt
' > SW
Vd
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Turn-on Snubber Operating Waveforms

Small values of snubber inductance (Lg <Lgq)

A
v [
S rr disw
A w Y - controlled by
A dt
switch SW and
V drive circuit.
d |
(0]
I-s'o
= Dvgy = _trl
A A . A
' s < | |
W i Crp

v rr
s~ A reduced* /I
W A A
Vd |
o)
IS L !4
< g
w I
Lslg
ton » v > tri + trr
d

| reduced when Ly >Lgq because | proportional to
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Turn-on Snubber Recovery at Switch Turn-off

7 |
+
Df AN G) IO = Assume switch current fall time
tri =0.
3| < Inductor current must discharge
$R thru D - R 4 series segment.
V >
d 3 LS ) Ls
D
ZF Ls
_ ¥ s,
o

e Switch waveforms
at turn-off with
turn-on snubber in
circuit.

- Overvoltage smaller if t¢; smaller.

Time of 2.3 L/R| g required for inductor current to decay to 0.1 |4

Off-time of switch must be > 2.3 Ls/RLs
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Turn-on Snubber Design Trade-offs

Selection of inductor LS

- Larger Ly decreases energy dissipation in switch at turn-on

— 2
- WSW = WB 1+ |rr/|0) [1- LS/LS].]
- WB = le Otf|/2 and le = thfI/IO

< Ls >Ls1 Wsw

=0
- Larger Ly increases energy dissipation in R| o
= Wp=Wglg/lg

- Lg > Lgq reduces magnitude of reverse recovery current |,

- Inductor must carry current | when switch is on - makes

inductor expensive and hence turn-on snubber seldom used

Selection of resistor RLs

- Smaller values of R o reduce switch overvoltage I, R| g at

turn-off

- Limiting overvoltage to 0.1V yields R| 4 = 0.1V /14

- Larger values of R|  shortens minimum switch off-time of
23 Lg/R ¢

Snubbers - 22
W.P. Robbins © 1997



Thyristor Snubber Circuit

- Von + Lo
_@_{YYY-\ ® B id ¢
- Ven+ Lo

L. \[ L \[ =L

. zi_%f 6&_’%? 2[%5:

= Van(t) = Vgsin(wt), vy, (t) = Vgsin(wt - 120°), v, (t) = Vgsin(wt - 240°)

e Phase-to-neutral waveforms

an fmmmm—

= \V/ - — ot
Vi b~ Van Vba 1

- v (® =43 Vgsinwt - 60°)

3
- Maximum rms line-to-line voltage V| | :\/; Vg
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Equivalent Circuit for SCR Snubber Calculations

Equivalent circuit after T1 reverse recovery

oYY YL

2 Lg P
+ T, after —~ Cgq
v ¢ recovery
bC((D 1) i
_ | Tz em| T1 Rg
N LA
I

Assumptions

- Trigger angle a = 90° so that v| | (t) = maximum = \/E ViL

- Reverse recovery time t. << period of ac waveform so that

v (1) equals a constant value of v (wtq) = \/E ViL

- Worst case stray inductance Ly gives rise to reactance equal

to or less than 5% of line impedance.

- Line impedance = Vs — \/EVLL 3 ViL
" \/Elal \/glal \/:_3|a1

where |51 = rms value of fundamental component of the

line current.

wL. = 0.05 VLL
S - .
\lslal
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Component Values for Thyristor Snubber

Use same design as for diode snubber but adapt the formulas to the
thyristor circuit notation

Snubber capacitor Cg = Cpage =

. . . dILS _ \/—
- From snubber equivalent circuit 2 Lg P 2V L

< Ly = dt e = 2L = 0.05 V|| tp =29W gt
2 ———————————————
\/5 Ialw

- Vd:\EVLL

' )2
0.05V|| €5 Wyt U2 8.7 wigty,

- C.=0C = — ’ =
S base é
Va 1w § Vav Vi

Vd

- Snubber resistance Rg = 1.3 Ry = 1.3 E
Vav, | 0.07 V||

- Re = 1.3 =
S 25Wl g1 tpy W a1 Ly
- Energy dissipated per cycle in snubber resistance = Wp

2 2
= Wg= T T = 18wy Vi (&)
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