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ABSTRACT: A low loss passive snubber is developed for the
PWM push-pull Voltage Source Inverter (VSl). In order to
avoid the superposition of the high frequency discharge energy
on the output voltage, an independent discharge circuit is
introduced to feed back part of the energy in the capacitor to
DC source. Due to the voltage clamp on the capacitor, there is,
for the doubled voltage of the push-pull circuit, no additional
loss in the snubber. Details of design and a 200V DC input,
30kwW VSl application example ae adso presented.
Experimenta results show that the circuit topology is a good
choice in low loss snubber design.

KEY WORDS: electric power engineering; push-pull voltage
source inverter; surge voltage; switching loss; snubber circuit
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0 INTRODUCTION

Owing to the advantages of less switching
devices, good electrical isolation and better output

E2EWB: EHEBARAHESDH (50467003).
Project Supported by National Natural Science Foundation of
China(50467003).

adjustability, push-pull topology VSI are often used in
DC/DC and DC/AC converters in the cases such as
aeroplang[ 1] railway[2], etc. High voltage across the
switching devices is its disadvantage[1-4]. IGBT
brings more application choices to push-pull topology
VSl. It isevident that switching condition plays a very
important role in the development of push-pull
topology VSI. To meet the increasing power density,
so as to obtain higher reliability, following are the
main topics in the studies of snubber/soft switching
technology: (D Combination of active and passive
modes.@No more switching devices needed.®No
more sensors and control circuits. @As less devices
as possible are used. GFree from parasitic oscillation.
® Currents in the switching devices remain
unchanged.(@Independent discharge loop[5-7]. In the
snubber/soft switching technology of bridge topol ogy
VS, studies are mainly on multilevel[8], multi target
optimization[9], low losg10], no losy[7-8] and free
from snuber[11]. Though there are disadvantages of
higher loop current and strict quality demands to the
voltage clamp capacitor, the push-pull forward
topology is good at suppressing the turn-off voltage
on the switching devices. Studies on resonant ZCS
and ZCT were also seen[12]. Compared with the
studies mentioned above, the progress of snubber/soft
switching technology in push-pull topology VSl is
relatively slow. In reference [2], the passive snubber
consumes energy because the switching devices are
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part of the discharge loop. There is not only the
energy dissipation stored in related inductors, but also
the additional loss of the doubled voltage due to the
push-pull topology. Analyses on total harmonic
distortion and distortion factor of PWM push-pull and
two-armed push-pull VSIs were presented in
references [3] and [13], but the snubber discharge
passes through the transformer. It works well in
DC/DC conversion, but in DC/AC conversion, there
are significant high frequency components in the VSI
output. The main reasons affect the study on push-pull
VSl are. (DParameters such as leakage inductance
should be taken into consideration in the snubber
design. But the relativity of the leakage flux between
the 3 windings of the transformer, as well as the
relativity of corresponding leakage inductances, still
remain to be solved both theoretically and
practically[14]. @ More energy is absorbed and
dissipated by the snubber. 3 The two switching
devices are connected by their emmiters. Compared
with bridge VSl and push-pull forward VS|, it is very
difficult either to find corresponding circuit, or to
learn from other snubber/soft switching technology.

In the development of a 30 kW instantaneous
voltage compensator[4,15], push-pull topology was
employed due to the consideration of voltage
superposition. To suppress the turn-off voltage
overshooting on the switching devices, a low loss
passive snubber was developed and introduced into
the voltage compensator. Experiments show that the
snubber well meets the 7 topicg[5-7]given before. The
turn-off voltage overshooting on the switching devices
was successfully suppressed. Fine AC output was also
obtained.

1 CIRCUIT ANALYSIS

1.1 Main circuit and snubber
(1) Maincircuit.

Fig.l shows the main circuit of push-pull
topology VSI?3% where Ny and N are the primaries,
N3 the secondary, i, i, and iz are corresponding
currents, |1, and |, are the effective mutual inductive
leakages which affect the snubber design directly.
Driven by Ug: and Uy, the input current of the

transformer i; consists of it and ip, where it is the
current passing through the switching devices T4/T»,
ip the current passing through the sustaining diodes
D,/D,, respectively. Equ.(1) shows the transformer
input current i; . Fig.2 shows the waveform of i;..
(1) =i, ) +i () =i, )+
i) +ir(t) +ipy ) (1)

1
-

0 10  t/ms T, E

B1 —#EREEXBEREETSR
Fig.1 A basic pushi-pull voltage sourceinverter
iilA

1
-

S0A/M%

25my/1% /%

B2 TEREVMANBR
Fig.2 Input current of transformer

Based on Fig.1 and Fig.2, following conclusions
can be drawn: @ it is of the same polarity as E,,
energy is passed to load Z as T is turned on. On the
other hand, i+ is of the opposite polarity as Eo,, the
energy stored in transformer B and load Z will be fed
back to Eq as D works in sustaining state. @In Fig.2,
the positive part in the waveform shows it,the negative
part shows ip. @Values of |dit/dt | and | dip/ dt | are
very large in the switching transent moment. As there
is no snubber, the turn-off voltage overshooting on the
switching devices will reach 1200V, as shown in Fig.3.

ur/V

200V/H%

SR B

25ms/i% /s

3 FEXRHTRE
Fig.3 Turn-off voltage over shooting on switching device
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The high voltage overshooting not only brings
significant switching loss, but also is very close to the
maximum inverse voltage limit of the switching device.
It is necessary to suppress the turn-off voltage
overshooting to a safe level.

(2) The low loss passive snubber in push-pull
VSI.

To suppress the turn-off voltage overshooting on
the switching devices, a low loss passive snubber is
introduced into the push-pull VSI, as shownin Fig.4.
1.2 Turn-off analysis on switching devices (u,
and i, of same polarity)

(1) (to-ty), T1turned on.

Inthis case, Ugr < 0, T is turned off. Diodes Dy,
D,, D3 and D4 are also turned off. Fig.5 shows the
equivalent circuit in Fig.4.

B4 RIRFERYLE R
Fig. 4 Thelow loss snubber circuit

= [z

E5 T,SEBEAIHERXE R
Fig.5 Therelevant circuit duringthe T;on-period

i1(t) keepsincreasing within (to- t;). The energy is
passed from Ey to Z by the transformer, when the
leakage inductance between N; and N, isignored[14].
Fig.6 shows the currentsin N and C;.

2 (to- tz),Tl turned off .

iNn/A T - Al
to ot t3

S0A/M%
o

3
>

S0A/ME
Lo
L
o

25my/i% /%

6 i,fic
Fig.6 Currentin Nyand C;

As T, is turned off, ity decreases very sharply,
[1di,/dt is of the same polarity as Eq, where L, is the
effective leakage inductance between N; and N,[15],
D; is turned on. In this case, the magnetic energy
stored in Ly becomes electric energy, together with the
energy from Eo, starts charging C;. Note that the Ly
branch is ignored in the analysis because the current
in L, is not allowed to change suddenly. According to
i1=it1+ic1=1o, and ic; can change immediately, there
isi1>> 0. The IGBT turn-off time ty ~200ns. The
turn-off time of i4(t) is accordingly adjusted to 3.51s.
Furthermore, there is i;=it; for t = 0. As a result,
|diy/dt] << |dit4/dt]. It brings significant |di/dt| decrease
to the transformer leakage inductance, as well as to
the related stray inductances. Finally, Ugs, the turn-off
voltage overshooting on the switching device Ty, is
lowered significantly. Fig.7 shows the charging circuit
of C;.

7 CiHIFEEMEEK
Fig.7 Charging circuit of C;

Asthe winding resistance is ignored, the induced
voltage of N, can be expressed by u,=- Lyidis/dt +Lo,
dio/dt- Losdiz/dt, where Lj; stands for the inductance
between winding i and winding j. When D, starts
current sustaining by u,, the transformer input current
ij changes from i; to i,. Fig.8 shows the superposition
of i, withiy. It should be pointed out that because ip, +
icy = lo, the transformer input current i; will remain
unchanged within the 200ns IGBT turn-off time, and
puts no effects on the secondary.

(3) (1o~ t3), the current sustaining period.

To 2

B8 EBRIE
Fig.8 Superposition of i;and i,
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Fig.9 and Fig.10 are the current sustaining circuit
and the sustained currents, respectively. In this period,
ii moves from N; to N, the energy stored in
transformer B feeds back to Eq, and partly passed to Z
by Li3[14].

E

9 @midiE
Fig.9 Current of sustaining circuit

in/A T T
ﬁ to tity ta
3 ak
P
icdA preeterred preeterret
&
3 | )
® t bt 0
25myi t/ns
10 i, fic

Fig.10 Waveforms of sustained current
There are two things need to be noted in the

analysis: @ [ii|<l o. @ Jio/dt| decreases due to the
existence of ic().

(4) Discharge of C;. Fig.11 and Fig.12 show the
C, discharge circuit and its equivalent circuit,
respectively.

—c [z

B 1 BARMEEE
Fig.11 C, Dischargecircuit

1 [+
S~

B 12 mEEMNEE
Fig.12 Equivalent circuit of Fig.11
In Fig.12, Rps is the equivalent resistance of

Zener diode Ds, upsis the discharge voltage of Ds, L
is the limiting inductor, C is the decoupling capacitor
of DC source. These components form an independent
discharge circuit for capacitor C. Because C>> Cy, in

121

the turn-off period, there is only a tiny DC voltage
increase on capacitor C. It is worth knowing that the
discharge circuit is completely independent from load
Z, and of no need for a special-designed transformer.
(5) Waveformsin the snubber.

Fig.13 and Fig.14 are the voltage waveforms for
the switching devices, the sustaining diodes and the
capacitor, respectively.

udV
.
> S
=
ur/V 10
>
g 0
25my/i% /%

13 u,5i,FEE T,/EBEEF C, HBE
Fig.13 Voltages waveformsof T,and C;
(u, and i, of same polarity)

uc/V

fse
; g
g

up2/V 0
IR
S
g 0

25ms/1% t/N's

14 u.5 i, @A D, HEREF C BIB[E
Fig.14 Voltageswaveforms of D,and C;
(uo and i, of same polarity)

It is evident by the waveforms that O The
turn-off voltage overshooting has been lowered
significantly.® Due to Ds, there is a room for the
sdlection of the minimum residual value after the
discharge. It keeps uci;=2Eqs+Du throughout whole
discharge period. Therefore, the doubled voltage in
the push-pull VS| brings no additional loss to the
snubber. ®The voltage increase on capacitor C is
caused by the IGBT turn-off operation. Two switching
devices share the capacitor C, as well as the discharge
circuit in the snubber.@The discharge current peak
valueis suppressed due to L, with time interval 25ns.
®There are no harmful oscillations as the sustaining
diodes are turned-on, or turned-off.

1.3 Turn-off analysis on switching devices (u,
and i, of opposite polarities

(1) Thetransformer input current i;.
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With load power factor cosa <1, as the filter loss
omitted, fundamental of i; can be expressed by
Equ.(2). Fig.15 shows the current waveform in the
case of load impedance anglea =~ - 60°.

1Eji, =+2u, sinwt x/2i, sin(wt - a)

I
i ui ui (2
il =—==cosa - —=cos(2wt - a)
T B E
iilA
i|:iT1+iD2
i1>0
&
§ 0
T ipe<0
500/ % /N

15 aiffg 60°KTHY i;
Fig.15 Current waveform of a=x - 60°

There are following conclusions:

1) The i; fundamental frequency is as twice as
that of the power frequency, and which is consistent
with Equ.(2).

2) Theright part in the waveform corresponds to
the case that u, and i, are of opposite polarities. It
shows that the sustaining time of i,(ip,) is longer than
that of iy(itq).

3) Taking the whole waveform into consideration,
there is the equation for u, and i, of opposite
polarities:

&ins ekt <|Qioa )t |, |eyinat )t | <|inat ek

With Eg>0, the integral result will be negative. It
means the DC source absorbs energy.

4) Theleft part in the waveform reflects the case
that u,and i, are of same polarity. It shows that the
sustaining time of i,(ipy) is less than the sustaining
time of i1(it1), as shown in Fig.13 and Fig.14.

5) Taking the whole waveform into consideration,
thereis the equation for u, and i, of same polarity:

<t Wt <t <t
[&inst )| >|Qioa )k |, [eyinat )t |>|iosl et
With Eg>0, the integral result will be positive. It
means the DC source outputs energy.
(2) Voltage stress on D.

As T, is turned on, D, will be turned off by the
inverse voltage in transformer B, as shown in Fig.16.

Corresponding voltage stressis shown in Fig.17.

16 LRGSR AR BT
Fig.16 Inverseinduced voltage of leakage inductance
at the end of current sustaining

uc/V
€
§ e i L
N
up2fV s =1 0
= ]
- REEERR T 0
g
25myi /%

17 u,5i,REE D, HEBEF C HIB[E
Fig.17 Voltages D, and C; when
Uy and i, are of opposite polarity

It can be seen that (DAs D, is turned off, the
induced voltage polarity of L, is opposite to Ey. @
There is no voltage overshooting along with the
increase of up,. @The sustaining time of ix(ipy) is
longer than the sustaining time of i(it1). @There are
also no harmful oscillations as the sustaining diodes
are turned on, or turned off.

(3) Voltage stresson T;.

When u,and i, are of opposite polarities, the Ty
turn-on and turn-off voltage waveforms are shown in
Fig.18.

uc/V
€
> JrE— fr—.
=
urd/V ' 0
> .
0
= .
25my/i% /%

18 U, 5i,mEB} T RYEREF C HEIE
Fig.18 VoltagesT; and C; when
Uy and i, are of opposite polarity

It can be seen that ur; stays a longer time at the
high level than that at the low level, and the turn-off
voltage overshooting on the switching devices has
been suppressed significantly.
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2 DESIGN EXAMPLE

2.1 Parameters of Snubber Components
(1) DiodesDzand Dy.

Ds; and D4 are the switching diodes as used in
ordinary snubbers. Switching diode FR157 is sel ected
in the design example.

(2) Capacitor C;.

Capacitance of C, is obtained by
I

u(zzl(o) - u(zzl(T)
where uc1(0) and ucy(T) are the voltages on Cbefore
and after its discharge, respectively; imsx iS the
maximum current; L;; is the transformer leakage
inductance, L35 is the stray inductance of the main
circuit. Besides, the current falling time of the
switching devices, as well as the overall power lossin
the switching devices and in the snubber, should also
be taken into C; computation. A general rule
Uc1(0)/ucy(T) =1.1 is suggested. In the design example,
Liis = Lizs = 2mH, Lip =Lz = 11nH, uc(0)= 460V,
Uc1(T)=420V. Finally, thereis C;~ 4nF.
(3) Zener Diode Ds.

1) Dsisaimed to keep the C; voltage much than
twice the DC voltage: uci= UpstEg>2E,, or ups>Eq. D3
is turned on and D4 only at the transient moment as
the switching device is turned off, so as to avoid the
additional snubber loss caused by the doubled voltage
in push-pull circuit. ups~1.05E5~ 210 V is selected in
the example.

2) To speed up the discharge, the dynamic
resistance Rz of Ds should be about 10W. 100W210
Zener diodes are used.

3)According to Fig.13, Fig.14, Figl7 and Fig.18,
the discharge time is less than 1/2 cycle, or the value
of effective current is low.

(4) Inductancel, .

Following things should be taken into the
computation of L.

1) The discharge current peak value must be
lower than the maximum current limit of Ds.

2) Freefrom parasitic oscillation.

3) The discharge should finish within one cycle,
or T=1/f.=100ms. Theoretically, L. can be obtained by

3

1

the circuit equations based on Fig.9. But due to the
nonlinearity of Ds, it is difficult to find the analytical
solution. Engineering solutions are experimentally
available. In the design example, L =5rH.
2.2 Energy analyses in snubber
(1) Dischargecircuit analysis

Fig.13, Fig.14, Figl7 and Fig.18 show that: @O
There is no oscillation in the discharge circuit. @The
current peak is limited by L. only at the very
beginning of the discharge. To simplify the
computation, the nonlinearity of Rz is ignored, or the
discharge analysis is taken as a constant RzC circuit.
Consequently, the discharge of C; can be shown by
Equ.(4)

t
Ue, = By +{u,(0) - Ejle R (4)
InFi g4, let U01(0):2.3E0, Uc]_(T): 2.1E,, there is

Equ.(5).
e—é _21E,-
2.3E, - E,

(2) Analyses on energy feedback and dissi pat-

=0.85 (5

ion.
Insert Equations (4) and (5) into Equation (6),
du,,

20t =
dt ]

w = q Rii%dt =g R[-C

W Q)T e RCdt=018CE2  (6)

there is the energy dissipation of Ds within one
cycle T: w;=0.18C E_ .

The energy difference in the discharge of C,, or
the energy transferred from the transformer leakage
inductance and the stray inductances to capacitor C; is

W, =0.5C{ug,(0) - u,(T)} =044CE;  (7)

Energy fed back to DC source is shown by
Equ.(8)

W, =W, - W, = 0.26E7 (8)

It is obvious that ws/w,=0.59, or 59% of the
energy is fed back to DC source.

(3) Moredetails of the snubber.

Oscilloscopes TDS-3032B and TDS-340A were
used in the snubber development, with A622 current
probe. The IGBT SKM100GB-123D was selected as
switching device.

Fig.19 isthe picture of the snubber.
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Ugel + - UgeZ

E19 WRugmEERE
Fig.19 Picture of the snubber

2.3 Comparison analysis
(1) Comparison analysis with energy-consu-
ming snubber.

Switching device loss and snubber loss are the
two parts of the energy 10ss in the energy-consuming
snubber. To be convenient, only the energy transmi-
ssion in the capacitor is taken into consideration.
Fig.20 shows the typical circuit of energyconsuming
snubber.

Ugel

ngz

B 20 IMATHEREELORUT B R E

Fig.20 Circuit of traditional energy-consuming snubber

Within time interval ti (0~10 ms), the discharge
circuit of C consists of: (1C;—~R;—the turned-on T;.
@C, —R,—the current sustaining D,. Not only the
current burden on switching devices, but also the
switching loss, is significantly increased. Equ. (9)
shows the energy |aoss within one cycle.

w, = 0.5Cu?(0) + 0.5Cu? (0) = 4.65CE; (9)

ur(0) is the capacitor charge voltage in the
snubber as the IGBT is turned off, here ur(0) =
uc1(0)=2.3E,. up(0) is another capacitor charge
voltage in the snubber, which is caused by the doubled
voltage of the push-pull VSL asthe IGBT is turned on,
here up(0) =2E,. The energy consumption ratio
between the design example and the energy-
consuming snubber is:

wa/ W,=0.26CE’/4.645CE,*=0.06

(2) Comparison analysis with energy-feedback-
to -load snubber[1,12].

In the low loss passive snubber presented by the
author, the energy is fed back to DC source, the
discharge circuit is free from load Z. As a result, they
make no contributions to the output, or better sine
output is available. Fig.21 shows the output waveform
obtained in the design example, with 220V AC output,
load current 45A, and cosa =0.99.

uv

200V/H&

2.5mg/H t/ms

21 WHeE
Fig.21 Output waveform in the design example

(3) Comparison analysis with bridge power
inverter.

The turn-off voltage overshooting in bridge
power inverter is mainly due to the DC stray
inductance (usually ~ 10" °H[9]) and the stray induct-
ance caused by the snubber leads. In push-pull VSI,
despite the stray inductances mentioned above, the
effective inductance (usually ~ 10 °H[14]) between the
transformer primary and secondary is also in relation
to the overshooting. Therefore, more power is
absorbed and fed back in the snubber used in push-
pull VSI.

(4) Discussion on snubbers used in other push-
pull VSis.

The VSI in reference [14] is of push-pull
topology. It is DC/DC converter. DC/DC converter of
push-pull topology is unnecessary to consider the sine
characteristics of the output. In reference[12], the VS
beongs to the push-pull forward topology and differs
from the VSI topology presented here. Therefore, no
comparisonis available.

3 CONCLUSIONS AND DISCUSSIONS

(1) As of same power capacity, the turn-off
voltage overshooting in push-pull VS| is higher than
that in bridge power inverter.
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(2) The low loss passive snubber is also
available in PWM push-pull VSI, as in bridge power
inverter. The energy loss in the low loss snubber is
only 1/5 of that in energy-consuming snubber. Besides,
better sine output is also available by the low loss
snubber.

(3)The voltage higher than 2E, on the capacitor
avoids the additional loss in the snubber due to the
doubled voltage in push-pull VSI. The energy is fed
back to DC source. The discharge circuit is
independent from the load. As aresult, neither current
burden increase, nor voltage stress increase is added
on the switching devices.

(4) Only Zener diode and limiting inductor are
used in the energy feedback circuit. It is no need to
introduce mutual inductor to solve the problems such
as flux restoration and diode maximum voltage limit
in the secondary.
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APPENDIX
Power frequency magnetization analysis on push-pull
transformer
Charge and discharge are the two operations in the passive
snubber which is aimed to suppress the turn-off voltage
overshooting on the switching devices. As the switching device
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is turned off, At the trandent moment (approximately 200ns)
energy stored in leskage inductance and stray inductance
becomes dectric energy, then stored in the capacitor by
charging it. It brings no additiona effects on the magnetization
of the push-pull transformer . The discharge circuit is
completely independent from the main circuit, and brings no
effects on the magnetization of the push-pull transformer.

To obtain higher power dendity, the magnetizing curve of
the transformer is often positioned at the turning section in
front of the B-H loop saturation area. There should be low
frequency components in the magnetizing current, so as to
make the flux fundamental asine wave. In the modulation that
used in references [2-3], and the low loss passve VS
development, the magnetizing current is PWM controlled by a
closed loop. The transformer input current i; is shown by

Equ.(1) and Fig.15. i3 is a rippled sne wave with power
frequency, and shown in Fig.1l. Acted by i; and i3, The
push-pull power transformer will be magnetized both
bilaterally and symmetrically within a cycle of power
frequency[14].
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