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ABSTRACT: A low loss passive snubber is developed for the 
PWM push-pull Voltage Source Inverter (VSI). 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, 
30kW VSI application example are also presented. 
Experimental 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 

摘要：提出并实现了一种推挽式 PWM电压型逆变器用无源
吸收电路；设有独立的放电回路让缓冲电容器上的能量部分

地回馈到直流电源中，高频放电能量不会叠加在输出电压

上；缓冲电容器的电压被钳位，使得推挽电路特有的倍压不

会在吸收电路上造成额外的损耗。给出吸收电路参数的设计

准则和计算实例，在 200VDC 和 30kW级的中压中功率逆
变装置中发挥了推挽拓扑的优点。理论分析和实验验证了所

提方法的有效性。 

关键词：电力工程；推挽式电压源逆变器；浪涌电压；开关

损耗；吸收回路 

0  INTRODUCTION 

Owing to the advantages of less switching 
devices, good electrical isolation and better output  
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adjustability, push-pull topology VSI are often used in 
DC/DC and DC/AC converters in the cases such as 
aeroplane[1],railway[2], etc. High voltage across the 
switching devices is its disadvantage[1-4]. IGBT 
brings more application choices to push-pull topology 
VSI. It is evident 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: ①Combination of active and passive 
modes.②No more switching devices needed.③No 
more sensors and control circuits. ④As less devices 
as possible are used. ⑤Free from parasitic oscillation. 
⑥ Currents in the switching devices remain 
unchanged.⑦Independent discharge loop[5-7]. In the 
snubber/soft switching technology of bridge topology 
VSI, studies are mainly on multilevel[8], multi target 
optimization[9], low loss[10], no loss[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 VSI 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 
VSI are: ①Parameters 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]. ② More energy is absorbed and 
dissipated by the snubber. ③ The two switching 
devices are connected by their emmiters. Compared 
with bridge VSI and push-pull forward VSI, 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 topics[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）Main circuit. 
Fig.1 shows the main circuit of push-pull 

topology VSI[2-3,13], where N1 and N2 are the primaries, 
N3  the secondary,  i1, i2 and i3  are corresponding 
currents, l1 and l2 are the effective mutual inductive 
leakages which affect the snubber design directly. 
Driven by Uge1 and Uge2, the input current of the 

transformer ii consists of iT and iD, where iT is the 
current passing through the switching devices T1/T2, 
iD the current passing through the sustaining diodes 
D2/D1, respectively. Equ.(1) shows the transformer 
input current ii . Fig.2 shows the waveform of ii . 
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图 1  一种基本的推挽式电压源逆变器 

Fig.1  A basic pushi-pull voltage source inverter 
 ii/A 
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25µs/格 t/µs  
图 2  变压器的输入电流 

Fig.2  Input current of transformer 

Based on Fig.1 and Fig.2, following conclusions 
can be drawn: ① iT is of the same polarity as E0, 
energy is passed to load Z as T is turned on. On the 
other hand, iT is of the opposite polarity as E0, the 
energy stored in transformer B and load Z will be fed 
back to E0 as D works in sustaining state. ②In Fig.2, 
the positive part in the waveform shows iT,the negative 
part shows iD. ③Values of |diT /dt | and | diD / dt | are 
very large in the switching transient moment. As there 
is no snubber, the turn-off voltage overshooting on the 
switching devices will reach 1200V, as shown in Fig.3.  

 uT1/V 

20
0V

/格
 

25µs/格 t/µs  
图 3  主管关断电压 

Fig.3  Turn-off voltage overshooting 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 shown in Fig.4. 
1.2  Turn-off analysis on switching devices (uo 

and io of same polarity) 
（1）(t0−t1), T1 turned on. 
In this case, Uge2 < 0, T2  is turned off. Diodes D1, 

D2, D3 and D4 are also turned off. Fig.5 shows the 
equivalent circuit in Fig.4. 
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图 4  低损耗吸收电路 

Fig. 4  The low loss snubber circuit 
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图 5  T1导通时的相关回路 

Fig.5  The relevant circuit during the T1 on-period 
i1(t) keeps increasing within (t0−t1). The energy is 

passed from E0 to Z by the transformer, when the 
leakage inductance between N1 and N2 is ignored[14]. 

Fig.6 shows the currents in N1 and C1. 
（2）(t0−t2),T1 turned off . 
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图 6  i1和 iC 

Fig.6  Current in N1 and C1 

As T1 is turned off, iT1 decreases very sharply, 
l1di1/dt is of the same polarity as E0, where Ll1 is the 
effective leakage inductance between N1 and N2[15], 
D3 is turned on. In this case, the magnetic energy 
stored in Ll becomes electric energy, together with the 
energy from E0, starts charging C1. Note that the L1 
branch is ignored in the analysis because the current 
in L1 is not allowed to change suddenly. According to 
i1= iT1 + iC1 = I 0, and iC1 can change immediately, there 
is i1＞０. The IGBT turn-off time toff ≈200ns. The 
turn-off time of i1(τ) is accordingly adjusted to 3.5µs. 
Furthermore, there is i1=iT1 for τ = 0. As a result, 
|di1/dt| << |diT1/dt|. It brings significant |di/dt| decrease 
to the transformer leakage inductance, as well as to 
the related stray inductances. Finally, uce1, the turn-off 
voltage overshooting on the switching device T1, is 
lowered significantly. Fig.7 shows the charging circuit 
of C1. 
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图 7  C1的充电回路 

Fig.7  Charging circuit of C1 

As the winding resistance is ignored, the induced 
voltage of N2 can be expressed by u2 =−L21di1/dt +L22 

di2/dt−L23di3/dt, where Lij stands for the inductance 
between winding i and winding j. When D2 starts 
current sustaining by u2, the transformer input current 
ii changes from i1 to i2. Fig.8 shows the superposition 
of i2 with i1. It should be pointed out that because iD2 + 

iC1 = I0, the transformer input current ii will remain 
unchanged within the 200ns IGBT turn-off time, and 
puts no effects on the secondary. 
（3）(t2−t3), the current sustaining period. 
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图 8  叠流过程 

Fig.8  Superposition of i1 and i2 
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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 N1 to N2, the energy stored in 
transformer B feeds back to E0, and partly passed to Z 
by Ll3[14].  
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图 9  续流过程 
Fig.9  Current of sustaining circuit 
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图 10  i2和 iC 

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

analysis: ① |ii|＜I 0. ② |i2/dt| decreases due to the 
existence of iC(τ). 
（4）Discharge of C1. Fig.11 and Fig.12 show the 

C1 discharge circuit and its equivalent circuit, 
respectively.  

 
D3 

D1 
T1 Eo ii N1 

N2 

C1 

L1 

D4 D2 
T2 D5 

 
B 

N3 Cf 
Z 

 
图 11  电容器放电回路 

Fig.11  C1 Discharge circuit 
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图 12  放电等价回路 

Fig.12  Equivalent circuit of Fig.11 
In Fig.12, RD5 is the equivalent resistance of 

Zener diode D5, uD5 is the discharge voltage of D5, LL 
is the limiting inductor, C is the decoupling capacitor 
of DC source. These components form an independent 
discharge circuit for capacitor C. Because C >> C1, in 

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）Waveforms in the snubber. 
Fig.13 and Fig.14 are the voltage waveforms for 

the switching devices, the sustaining diodes and the 
capacitor, respectively.  
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图 13  uo与 io同向时 T1的电压和 C1的电压 

Fig.13  Voltages waveforms of T1 and C1 
(uo and io of same polarity) 
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图 14  uo与 io同向时 D2的电压和 C1的电压 

Fig.14  Voltages waveforms of D2 and C1 
(uo and io of same polarity) 

It is evident by the waveforms that ①  The 
turn-off voltage overshooting has been lowered 
significantly.② Due to D5, there is a room for the 
selection of the minimum residual value after the 
discharge. It keeps uC1=2E0+∆u throughout whole 
discharge period. Therefore, the doubled voltage in 
the push-pull VSI brings no additional loss to the 
snubber. ③The 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.④The discharge current peak 
value is suppressed due to L1, with time interval 25µs. 
⑤There are no harmful oscillations as the sustaining 
diodes are turned-on, or turned-off. 
1.3  Turn-off analysis on switching devices (uo 

and io of opposite polarities  
（1）The transformer input current ii. 
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With load power factor cosα＜1, as the filter loss 
omitted, fundamental of ii can be expressed by 
Equ.(2). Fig.15 shows the current waveform in the 
case of load impedance angle α ≈ − 60° . 
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o o o o
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E i u t i t
u i u ii t
E E

ω ω α
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     (2) 
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图 15  α滞后 60°时的 ii 

Fig.15  Current waveform of α≈ − 60° 

There are following conclusions:  
1）The ii fundamental frequency is as twice as 

that of the power frequency, and which is consistent 
with Equ.(1). 

2）The right part in the waveform corresponds to 
the case that uo and io are of opposite polarities. It 
shows that the sustaining time of i2(iD2) is longer than 
that of i1(iT1). 

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

    
T1 D2 T2 D1 0  0  0  0

,( )d ( )d ( )d ( )d
t t t t
i i i iτ τ τ τ τ τ τ τ< <∫ ∫ ∫ ∫  

With E0>0, the integral result will be negative. It 
means the DC source absorbs energy.  

4）The left part in the waveform reflects the case 
that uo and io are of same polarity. It shows that the 
sustaining time of i2(iD2) is less than the sustaining 
time of i1(iT1), as shown in Fig.13 and Fig.14. 

5）Taking the whole waveform into consideration, 
there is the equation for uo and io of same polarity: 

    
T1 D2 T2 D1 0  0  0  0

,( )d ( )d ( )d ( )d
t t t t
i i i iτ τ τ τ τ τ τ τ> >∫ ∫ ∫ ∫  

With E0>0, the integral result will be positive. It 
means the DC source outputs energy. 

（2）Voltage stress on D2. 
As T1 is turned on, D2 will be turned off by the 

inverse voltage in transformer B, as shown in Fig.16. 

Corresponding voltage stress is shown in Fig.17. 
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图 16  续流结束时的漏感反电势 
Fig.16  Inverse induced voltage of leakage inductance 

at the end of current sustaining 
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图 17  uo与 io反向时 D2的电压和 C1的电压 

Fig.17  Voltages D2 and C1 when 
uo and io are of opposite polarity 

It can be seen that ①As D2 is turned off, the 
induced voltage polarity of Ll2 is opposite to E0. ②
There is no voltage overshooting along with the 
increase of uD2. ③The sustaining time of i2(iD2) is 
longer than the sustaining time of i1(iT1). ④There are 
also no harmful oscillations as the sustaining diodes 
are turned on, or turned off. 
（3）Voltage stress on T1. 
When uo and io are of opposite polarities, the T1 

turn-on and turn-off voltage waveforms are shown in 
Fig.18.  
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图 18  uo与 io反向时 T1的电压和 C1的电压 

Fig.18  Voltages T1 and C1 when 
uo and io are of opposite polarity 

It can be seen that uT1 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）Diodes D3 and D4. 
D3 and D4 are the switching diodes as used in 

ordinary snubbers. Switching diode FR157 is selected 
in the design example.  

（2）Capacitor C1. 
Capacitance of C1 is obtained by 

2
L max

1 2 2
1 1(0) ( )C C

L iC
u u T

⋅
=

−
             (3) 

where uC1(0) and uC1(T) are the voltages on C1before 
and after its discharge, respectively; imax is the 
maximum current; Ll1 is the transformer leakage 
inductance, Ll1s is the stray inductance of the main 
circuit. Besides, the current falling time of the 
switching devices, as well as the overall power loss in 
the switching devices and in the snubber, should also 
be taken into C1 computation. A general rule 
uC1(0)/uC1(T) ≈1.1 is suggested. In the design example, 
Ll1S ≈ Ll2S ≈ 2µH, Ll1 ≈Ll2 ≈ 11µH, uC1(0)≈ 460V, 
uC1(T)=420V. Finally, there is C1 ≈ 4µF. 
（3）Zener Diode D5. 
1）D5 is aimed to keep the C1 voltage much than 

twice the DC voltage: uC1= uD5+E0>2E0, or uD5>E0. 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. uD5 ≈1.05E0 ≈ 210 V is selected in 
the example.  

2）To speed up the discharge, the dynamic 
resistance RZ of D5 should be about 10Ω.  100W210 
Zener diodes are used. 

3）According to Fig.13, Fig.14, Fig17 and Fig.18, 
the discharge time is less than 1/2 cycle, or the value 
of effective current is low. 
（4）Inductance LL . 
Following things should be taken into the 

computation of LL.  
1）The discharge current peak value must be 

lower than the maximum current limit of D5.  
2）Free from parasitic oscillation. 
3）The discharge should finish within one cycle, 

or T=1/fc=100µs. Theoretically, LL can be obtained by 

the circuit equations based on Fig.9. But due to the 
nonlinearity of D5, it is difficult to find the analytical 
solution. Engineering solutions are experimentally 
available. In the design example, LL=5µH. 
2.2  Energy analyses in snubber 
（1）Discharge circuit analysis 
Fig.13, Fig.14, Fig17 and Fig.18 show that: ①

There is no oscillation in the discharge circuit. ②The 
current peak is limited by LL 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 C1 can be shown by 
Equ.(4) 

1 0 1 0{ (0) }e Z

t
R C

C Cu E u E
−

= + −        (4) 
In Fig.4, let uC1(0)= 2.3E0, uC1(T)= 2.1E0, there is 

Equ.(5). 

0 0

0 0

2.1
e 0.85

2.3
Z

T
R C E E

E E

− −
= =

−
        (5) 

（2）Analyses on energy feedback and dissipat- 
ion. 

Insert Equations (4) and (5) into Equation (6),  
  2 21

1  0  0

22
 21 0

0 0

d
d [ ] d

d

{ (0) }
      e d 0.18Z

T T C
Z Z

t
T R CC

uw R i t R C t
t

u E t CE
R

−

= = − =

−
=

∫ ∫

∫     (6) 

there is the energy dissipation of D5 within one  
cycle T: w1=0.18C 2

0E . 
The energy difference in the discharge of C1, or 

the energy transferred from the transformer leakage 
inductance and the stray inductances to capacitor C1 is 

2 2 2
2 1 1 00.5 { (0) ( )} 0.44C Cw C u u T CE= − =     (7) 

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

2
3 2 1 00.26w w w E= − =             (8) 

It is obvious that w3/w2=0.59, or 59% of the 
energy is fed back to DC source. 
（3）More details 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 is the picture of the snubber. 
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图 19  吸收电路照片 

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 loss 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. 
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图 20  现行耗能型吸收电路图 

Fig.20  Circuit of traditional energy-consuming snubber 

Within time interval t∈(0~10 ms), the discharge 
circuit of C consists of: ①C1→R1→the turned-on T1. 
②C2 →R2→the current sustaining D2. Not only the 
current burden on switching devices, but also the 
switching loss, is significantly increased. Equ. (9) 
shows the energy loss within one cycle. 

2 2 2
4 T D 00.5 (0) 0.5 (0) 4.65w Cu Cu CE= + =     (9) 

uT(0) is the capacitor charge voltage in the 
snubber as the IGBT is turned off, here uT(0) = 
uC1(0)=2.3E0. uD(0) is another capacitor charge 
voltage in the snubber, which is caused by the doubled 
voltage of the push-pull VSL as the IGBT is turned on, 
here uD(0) =2E0. The energy consumption ratio 
between the design example and the energy- 
consuming snubber is: 

w1/ w4=0.26CE0
2/4.645CE0

2 = 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 cosα =0.99. 

 

20
0V

/格
 

u/V 

2.5ms/格 t/ms  
图 21  输出电压 

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 ×10−9H[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 ×10−6H[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 VSI 
belongs to the push-pull forward topology and differs 
from the VSI topology presented here. Therefore, no 
comparison is available.  

3  CONCLUSIONS AND DISCUSSIONS 

（1）As of same power capacity, the turn-off 
voltage overshooting in push-pull VSI is higher than 
that in bridge power inverter.  

PDF 文件使用 "pdfFactory Pro" 试用版本创建           www.fineprint.com.cn

http://www.fineprint.com.cn


100 中  国  电  机  工  程  学  报 第 26卷 

（ 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 2E0 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 a result, 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 transient moment (approximately 200ns) 
energy stored in leakage inductance and stray inductance 

becomes electric energy， then stored in the capacitor by 
charging it. It brings no additional 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 density，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 a sine wave．In the modulation that 

used in references [2-3]，and the low loss passive VSI 
development，the magnetizing current is PWM controlled by a 

closed loop．The transformer input current ii is shown by 

Equ.(1) and Fig.15. i3 is a rippled sine wave with power 
frequency，and shown in Fig.1. Acted by ii 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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