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Abstract -- A continuous current mode boost converter with 
modified flying capacitor lossless snubber is proposed in this 
paper. The proposed converter charges the flying capacitor 
using a coupled inductor without the help of the reverse 
recovery current. As a result, it can reduce switching loss and 
guarantee the wide snubber reset ranges. The operation 
principle, characteristics, and experimental results are 
presented to verify the feasibility of the proposed converter. 
 

Index Terms—Boost converter, flying capacitor passive 
lossless snubber, coupled inductor, wide snubber reset ranges.  

I.   INTRODUCTION 
The continuous current mode (CCM) boost converter is a 

very attractive topology for high power applications because 
of its advantages such as low conduction loss, small EMI 
filter, and low current stress of semiconductor devices. 
Especially, it is widely used in the power factor correction 
(PFC) circuit because of its continuous input current and high 
DC conversion ratio. However, a large reverse recovery 
current of output rectifier, which occurs at main switch turn-
on, creates a high current spike on the main switch. This high 
current spike causes not only high current stress but also high 
switching loss on the main switch. To overcome these 
drawbacks, various active and passive snubbers have been 
proposed [1]-[16]. 

Among them, active snubbers proposed in [1]-[3] can 
reduce the reverse recovery current by employing the 
auxiliary switch. Before the main switch is turned on, the 
auxiliary switch shifts the output diode current to a new 
parallel branch. As a result, the output diode is turned off 
with zero current condition. Furthermore, it can achieve zero 
voltage switching (ZVS) of main switch using the energy of 
the additional resonant inductor. However, the auxiliary 
switch is turned on while its drain-source voltage is equal to 
the output voltage, and it is turned off while its current is 
greater than the boost inductor current. Therefore, the 
auxiliary switch operates under hard switching conditions, 
which results in high switching losses. Active snubbers 
proposed in [4]-[8] can achieve ZVS of main and auxiliary 
switches by adopting active clamp circuit. However, they 

require an isolation gate driver and overlapping gate signals 
of the main and auxiliary switches. It causes high cost and 
complexity of control circuit. Especially, overlapping gate 
signals will lead to a fatal circuit failure. 

To achieve low cost, simple control circuit, and high 
reliability, passive lossless snubbers use passive components 
instead of an auxiliary active switch [9]-[16]. Generally, they 
can be divided into coupled inductor type and flying 
capacitor type. The coupled inductor lossless snubber 
proposed in [10] can easily shift the output diode current to a 
new parallel branch using coupled inductor. However, due to 
the leakage inductor by the coupled inductor, it has severe, 
undesirable voltage ringing on the auxiliary diode. Thus, the 
extra clamping circuit is mandatory in the practical 
applications to protect the devices. The coupled inductor 
lossless snubbers proposed in [12], [13] can achieve low 
voltage stress of all semiconductor devices by adopting 
additional diodes. However, additional diodes causes extra 
conduction loss occurs when main switch on or off period. 

The flying capacitor lossless snubber proposed in [14]-[16] 
features a simple structure, low voltage stress of 
semiconductor devices, and low additional conduction loss 
due to the auxiliary diodes. It utilizes snubber inductor as the 
turn-on current snubber, and one flying capacitor and two 
auxiliary diodes as the reset network. When main switch is 
turned on, the reverse recovery energy is stored in the 
snubber inductor. After that, it is delivered to the flying 
capacitor at the output diode turn-off. This energy is then 
used to reset the snubber inductor after the main switch is 
turned off. However, if the energy stored in the flying 
capacitor is insufficient, the output diode can not be turned on 
and a large reverse recovery current occurs due to two 
auxiliary diodes. Therefore, a trade-off should be required 
between the value of snubber inductor and the peak reverse 
recovery current, i.e. as the snubber inductor is increased, it 
can reduce the switching loss related with the reverse 
recovery but it has narrow  
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Fig. 1 Circuit diagram of proposed converter 

 
snubber reset ranges. This snubber reset characteristics of the 
flying-capacitor lossless snubber makes it difficult to design 
the snubber inductor especially when it is applied to the 
applications with wide input ranges such as a PFC boost 
converter. 

This paper proposes a new CCM boost converter with 
modified flying capacitor lossless snubber. As shown in Fig. 
1, the proposed converter has a new branch that consists of a 
coupled inductor and a auxiliary diode D3 compared to the 
conventional flying capacitor lossless snubber. When the 
main switch M is turned on, the voltage VCf across flying 
capacitor is charged to 2Vin/n through a new branch without 
the help of the reverse recovery current. Therefore, it can 
effectively reduce the reverse recovery current which is 
required to charge the flying capacitor maintaining wide 
snubber reset ranges. 

II.   OPERATIONAL PRINCIPLES 
Fig. 2 and Fig. 3 show key operational waveforms and 

topological stages of the proposed converter, respectively. To 
analyze the steady-state operation conveniently, the coupled 
inductor is regarded as a combination of the magnetizing 
inductor Lm, an ideal transformer with the turns ratio n : 1 
(n>1) and a leakage inductor Lk. In addition, the magnetizing 
current ILm is assumed to be constant in one switching period. 
One switching period is divided into eight modes and each 
mode is explained as follows. 

Mode 1 [t0~t1]: Switch M is off-state, diode Do is forward-
biased, and the magnetizing current ILm is transferred from 
input to output. Meanwhile diodes D1, D2 and D3 are reverse-
biased, and the flying capacitor voltage VCf(t) is zero.  

Mode 2 [t1~t2]: At time t1, switch M is turned on. The 
output voltage Vo is applied to the snubber inductor LS and 
the magnetizing current ILm begins to commutate from diode 
Do to switch M. Concurrently, the flying capacitor Cf begins 
to be charged through the coupled inductor and diode D3. In 
this mode, the snubber inductor current ILs(t), the current 
ID3(t) flowing through diode D3, and the flying capacitor 
voltage VCf(t) can be expressed as follows: 
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Fig. 2 Key operational waveforms. 
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where 1 /= k fZ L C  and 1ω = k fL C . 
When ILs(t) is equal to zero, the magnetizing current ILm 

completely commutates to the switch M. However, ILs(t) 
decreases -IRR due to reverse-recovery charge of diode Do. 

Mode 3 [t2~t3]: At time t2, diode Do is turned off at the 
peak of the reverse recovery current -IRR. Since diode Do is 
reverse-biased, the reverse recovery current of Ls creates 
resonance path Ls-D1-Cf. In this mode, the snubber inductor 
current ILs(t) can be expressed as follows:  

2 2( ) cos( ( ))ω= −Ls RRtI I t t  and 2ω = s SL C .       (4) 
Mode 4 [t3~t4]: At time t3, diode Do is turned off at the 

peak of the reverse recovery. Since Vin is still applied to the 
primary of ideal transformer, VCf(t) is increased by the half-
period resonance between Lk and Cf. 

Mode 5 [t4~t5]: At time t4, the half-period resonance 
between Lk and Cf is finished and diode D3 is turned off. 
After this mode, VCf(t) is maintained with its peak value 
2Vin/n. 

Mode 6 [t5~t6]: At time t5, switch M is turned off. Since 
Lm+LS is large enough to be considered as a current source, 
the drain-source voltage Vds1(t) of switch M is linearly 
increased as follows: 
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                            (a) Mode 1 (to~t1)                           (b) Mode 2 (t1~t2) 

  
                            (c) Mode 3 (t2~t3)                           (d) Mode 4 (t3~t4) 

   
                            (e) Mode 5 (t4~t5)                             (f) Mode 6 (t5~t6) 

  
                          (g) Mode 7 (t6~t7)                           (h) Mode 8 (t7~t8)  

 

Fig. 3 Topological stages 
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Mode 7 [t6~t7]: At time t6, Vds1(t) reaches Vo and diodes D1 
and D2 are turned on. Since diode D1 is turned on, VCf(t) is 
applied to Ls. In this mode, ILs(t) and VCf(t) can be expressed 

as follows: 
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where 2 /= S fZ L C . 
To reset the snubber inductor, 2Vin/nZ2 must be greater 

than ILm. Otherwise, it has high switching loss due to two 
diodes D1,2 and circuit parasitic inductance. At the end of this 
mode, ILs(t) becomes ILm and diode D1 is turned off.  

Mode 8 [t7~t8]: At time t7, ILm flows through CC and D2. 
Since the Lm is large enough to be considered as a current 
source, VCf(t) is linearly decreased as follows: 
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At the end of this mode, VCf(t) reaches zero, diode D2 is 
turned off, and diode Do is turned on.  

III.   CHARACTERISTICS 
A. DC conversion ratio 
To calculate the DC conversion ratio, Pin and Po can be 

expressed as in (9) and (10), respectively.  
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where TS is the switching period, Io is the load current, and 
Ro is the load resistance. 

From (9) and (10), the DC conversion ration can be 
obtained as follows: 
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Fig. 4 shows the DC conversion ratio according to the 
variations of load conditions with n=10. As can be seen in 
(11), the constant energy is transferred from the input for 
charging the clamping capacitor. Therefore, as load is 
decreased, the proposed converter has higher DC conversion 
ratio compared to that of the conventional boost converter. 

B. Transformer turns ratio 
The transformer turn ratio n is related with the reset ranges 

of Ls and the voltage stress of Do. As n is decreased, it can 
achieve wide reset ranges due to high peak value of VCf. 
However, this high peak value of VCf causes high voltage  

 

 
 

Fig. 4 DC conversion ratio according to load conditions when n=10 
 

stress of Do as follows:  
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C. Snubber inductor and flying capacitor 
To effectively reduce the reverse recovery current, two 

conditions should be satisfied. First, the turn-off rate of IDo 
should be less than less than 100A/μs. Since the output 
voltage Vo is 400V, it is known from (1) that the snubber 
inductor Ls should be more than 4μH. Second, the snubber 
inductor current ILs(t) should be larger than ILm at t7, i.e. the 
energy stored in the flying capacitor should be larger than the 
energy stored in the snubber inductor with ILm. From (3) and 
(5), the flying capacitor can be obtained as follows: 

2
> s Lm

f
in

nL I
C

V
.                                (13) 

D. Reverse recovery current 
Fig. 5 shows the reverse recovery current of the 

conventional converter and proposed converter, respectively. 
For the conventional converter, it requires large reverse 
recovery current to charge the flying capacitor. This large 
reverse recovery current causes high current stress and high 
turn-on switching loss on the main switch. In addition, the 
reverse recovery current is the function of the diode 
characteristics, the forward current through diode at the main 
switch turn-on and the slope of the diode turn-off current. As 
a result, determining the reverse recovery current from 
manufacturer data is unreliable because they often provide a 
limited number of operation points. Therefore, the snubber 
inductor should be determined experimentally. 

On the other hand, the proposed converter can charge the 
flying capacitor using the auxiliary circuit regardless of the 
reverse recovery current. Therefore, it features low current 
stress of the main switch, low switching loss, and wide 
snubber reset ranges. 
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(a)                          (b) 
 

Fig. 5. Reverse recovery current. 
(a) Conventional converter (b) Proposed converter 

IV.   EXPERIMENTAL RESULTS 
To verify the feasibility of the proposed converter, a 700W 

CCM PFC boost converter incorporated with the proposed 
snubber is implemented with following specifications: input 
voltage: Vin=90Vrms~265Vrms, output voltage: Vo=400V, 
switching frequency: fs=65kHz, boost inductor: Lm=645μF, 
turn ratio of boost inductor: n:1=10:1, main switch: 
M=SPP20N60C3ⅹ2 in parallel, diodes D1, D2, D3, and 
Do=RHRP1560, flying-capacitor: Cf=940nF, snubber 
inductor: Ls=5μH.  

Fig. 6 shows the input voltage and input current of the 
proposed converter at Vin=110Vrms and Vin=220Vrms, 
respectively. As shown in this figure, it can be seen that the 
unity power factor is well achieved. 

Fig. 7 shows the key experimental waveforms of the 
proposed converter at Vin=110Vrms and Vin=220Vrms, 
respectively. Since the flying capacitor voltage VCf is charged 
by the coupled inductor, the proposed converter can 
effectively reduce the reverse recovery current compared to 
the conventional boost converter with flying capacitor 
snubber. In addition, diode D2 is turned off before the main 
switch is turned on with the help of the high as shown in Fig. 
7 (b) and (d). As a result, wide snubber reset ranges can be 
achieved.  

Fig. 8 shows the comparative measured efficiency 
according the load and input voltage variations. The proposed 
snubber shows the higher efficiency over the entire load 
conditions. Especially, it can achieve high efficiency when 
the input voltage is low, i.e. large reverse recovery current 
occurs. 

 

   
  

(a) 
 

 
 

(b) 
 

Fig. 6 Input voltage and input current. 
(a) Vin and Iin at Vin=110Vrms (b) Vin and Iin at Vin=220Vrms 

 

   
 

(a) VCf, Vds, and ILs at Vin=110Vrms 

 

 
 

(b) VCf, ID1, ID2, and ID3 at Vin=110Vrms 
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(c) VCf, Vds, and ILs at Vin=220Vrms 

 

 
 

(d) VCf, ID1, ID2, and ID3 at Vin=220Vrms 

 
Fig. 7 Key experimental waveforms. 

 

     
 

(a) 
 

     
 

 (b) 
 

Fig. 8 Measured efficiency.  
(a) Measured efficiency according to load variation at Vin=110Vrms. 
(b) Measured efficiency according to input variation at 100% load. 

V.   CONCLUSION 
This paper proposes a new CCM boost converter with 

modified flying capacitor lossless snubber. The proposed 
converter charges the flying capacitor by adopting simple 
auxiliary circuits. As a result, it can reduce the reverse 
recovery which is required to charge the flying capacitor, and 
switching loss related with the reverse recovery current. 
Experimental result of 700W prototype shows that the 
proposed converter is suitable for the CCM boost converter. 
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