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ABSTRACT: In this paper, a new active lossless snubber circuit is proposed, which provides a soft-
switching condition for the traditional Pulse Width Modulation (PWM) fly-back converter. This active
lossless snubber circuit creates Zero Voltage Switching (ZVS) condition for the main switch, while
Zero Current Switching (ZCS) condition is achieved for the auxiliary switch. Moreover, based on the
soft-switching condition, diode reverse recovery problem is omitted and leads to reduction of switching
losses and increased efficiency. Additionally, the voltage stress of the auxiliary switch is clamped to
the input voltage level which leads to its low capacitive turn ON loss. Furthermore, the presented
active lossless snubber circuit provides soft-switching condition independent from load condition. The
main and auxiliary switches do not need an isolated gate driver, since their source pins are connected
to the input ground. In this manuscript, the different operating modes are explained in detail, and a
comprehensive design procedure is presented. Furthermore, loss breakdown for converter elements is
offered at full load. The simulation results of the proposed converter using PSPICE software are shown
for 155V input, 24 V, 120 W output, and 100 kHz switching frequency to justify the theoretical analysis.
The proposed converter has high efficiency of 94.08% at full load.
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1- Introduction

The Fly-back converter has been widely used in low
power applications due to its circuit and control simplicity and
lower required components (especially switches), compared
to other isolated topologies such as bridge converters [1].
However, in the regular fly-back converter, switching losses
are caused by the voltage-current overlap at turn ON/OFF
instants. Furthermore, in this converter, the stored energy
of the leakage inductance discharges in the switch output
capacitance at turn OFF instant, which leads to its high
voltage stress on the switch [2-4]. Higher power densities are
mostly achieved by rising switching frequency as it results
in reducing the volume and weight of the converter passive
components. However, increasing the switching frequency
leads to increment in Electromagnetic interference (EMI) and
switching losses [5-8]. Therefore, soft-switching condition of
switches and diodes is one suitable solution. So far, several
soft-switching methods are introduced [9]. In some of these
methods, an auxiliary circuit is added to the converter to make
soft-switching state. According to the operation, the auxiliary
circuits are divided into three categories.

The first group of auxiliary circuits is called passive lossless
snubber, which can create ZVS at turn-off instant for the
converter power switch and ZCS condition at turn-on instant
[10, 11]. However, capacitive turn ON loss is significant at
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high frequencies and leads to low efficiency. An active clamp
circuit is the second type of auxiliary circuit which consists of
only one capacitor and one switch. However, soft switching
is lost at light loads in this method [9] and extra circulating
current creates high conduction loss. The other group of soft-
switching methods is Quasi Resonant Converters (QRCs) in
which the frequency related losses are low [12]. However,
in these converters, magnetic components and the output
filter cannot be efficiently designed due to variable switching
frequency. Furthermore, the voltage and current RMS values
are high due to their resonant nature. The last group is active
lossless snubber. In this type of auxiliary circuit, usually one
or more switches are employed and their duty is to activate
the auxiliary circuit in switching transition times. Converters
with active lossless snubbers providing ZVS for switches
are called Zero Voltage Transition (ZVT) converters, and
converters with active lossless snubbers providing ZCS for
switches are called Zero Current Transition (ZCT) converters
[5]. Generally, it is preferred in ZCT converters to use IGBT
switches, due to tailing current elimination, and it is more
efficient to use MOSFET switches in ZVT converters since
switches capacitive turn ON losses is omitted [4, 5]. So far
many active snubber circuits have been proposed for fly-back
converters [2, 4, 7, 13-17].

The voltage stress on the conventional two switch fly-
back converter switches is limited to the input voltage.
However, this converter suffers from high turn-off loss of
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Fig. 1. (a) Proposed converter. (b) Equivalent circuit.

switches. In the active lossless snubbers of [13, 14], the
switches can be turned OFF under ZVS condition. However,
these converters suffer from high number of elements, high
capacitive turn ON loss, and high circulating energy, which
lead to low converter power density and efficiency. In [15],
a fully soft-switching condition is provided by utilizing
an active lossless snubber, while no isolated gate driver is
required for both switches as they are connected to the input
ground. To transfer the recovered energy to the input source,
an extra fly-back type auxiliary transformer is used in this
converter. In [4], ZCS condition is achieved for the diodes and
the auxiliary switch, and the ZVS condition is provided for
the main switch. However, in topology of the active lossless
snubber in [4], an additional winding is coupled to the fly-
back converter transformer. Therefore, energy circulation
is high. Additionally, isolated gate driver is required for the
switches and the voltage stress of the switch is higher than
the input voltage. In structures [2, 16], no coupled inductors
or auxiliary transformer are needed. These active lossless
snubbers create ZVS condition for the converter main switch
at turn-on instant, while the auxiliary switch operates under
ZCS condition for both turn-on and turn-off. Furthermore,
in these topologies, isolated gate driver is utilized for the
auxiliary switch and its voltage stress is higher than the input
voltage level. Two active lossless snubbers are introduced
in [7, 17], in which no isolated gate driver or additional
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transformer is used. However, due to ZCS turn-on of the
auxiliary and the high voltage stress of the main switches,
switch capacitor turn-on loss in these circuits is considerable.
In this research, an improved active auxiliary circuit is
proposed to provide ZVS condition for the fly-back converter
main switch, while the auxiliary switch operates under ZCS
condition. Moreover, the frequent issues in active lossless
snubbers namely isolated gate driver, high voltage stress,
high element count, and/or auxiliary magnetic components,
are eliminated. In section II, the operation principles of the
proposed PWM fly-back converter are discussed in detail. In
section III, the converter design is explained. In section 1V,
the simulation results of the fly-back converter are presented
to verify the theoretical analysis.

2- Proposed Topology Description

Fig. 1 illustrates the structure of the proposed ZVT
fly-back converter. In this topology, », and y, are the
input and the output voltage, S and .S, are the main and
the auxiliary switch, C and L are the resonant capacitor
and inductor, C, and D, are the output capacitor and the
main diode, respectively and C_ is the sum of the snubber
capacitor and intrinsic output capacitance of the main switch
(C,=C, e +C...)- The converter transformer is modeled
by three ideal windings N ,N,, and, N,, (N, =N, =N

and N, =1), two leakage inductances L, and L,, (
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Fig. 2. Theoretical key waveforms of the proposed ZVT fly-back converter.

Ly =Ly,=L,) and a magnetizing inductance L, .

3- Operating Principles of the Proposed Converter

The following assumptions are made to simplify the
analysis. The proposed converter is in Continuous Condition
Mode (CCM), all semiconductor devices are considered
ideal, the current passing through the magnetizing inductance
(1,,=1)V,,and y, _ are constant during a switching
cycle. The main theoretical waveforms are shown in Fig. 2
and in Fig. 3, nine separate operating modes in one switching
period are illustrated.

Interval I [¢t,,t]: At ¢,, S, tun-on under ZCS
condition. In this mode, two resonant circuits are
created consisting of r -~ ,-C,-D,-S, -V, and
L,,-N,-C,-D,-S,—C,- During this stage, the current
of D reduces. At the end of this mode, the voltage across
C, reaches V, . Thus:
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Fig. 3. Equivalent circuits of various operating intervals.

Where:

“4)
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Interval IT [¢t,,t,]: At the end of this mode, the voltage
across C starts to reduce from}/, . Therefore, a negative
voltage is placed on the output side and turns the main diode
OFF at ZCS state. Similar to the previous interval, two
resonances continue until C_ is completely discharged in
C, ,and the voltage of C_ reaches zero. Important equations
of this interval can be expressed as follows:

1
1L, (C,+2C.) . E(Vm 5 ())V e @)
CV + 4CS ZZ

I.L, (C. +2C
[Ilkl(tl)_ l(’{;,(+r4c )

sinfa, (t —1,)]+

)

ilkl(t):

JCOS[&)Z ()

Where:
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cC,
2C, +1Cr
2

eq2 —

(6)

Interval I [t,,t,]: At the beginning of this mode,
the body diode of S turns ON and the main switch can be
turned-on under ZVS state. The resonance continues between
L, -N,-C,-D,-S,-V,, and a new resonance between
d —L,, begins. At t,, S, ,current decreases to zero, and
the auxiliary switch can be turned-off under ZCS condition,
thus:

1
EVin _VCr (t 2)

ilkl(t):E+ Z. sin[a;, (¢ —1,)]+ o

(—ZIM 1 (;2) ! )005[0)3 (t-1,)]
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Interval IV [t,,t,]: This mode starts by turning the
auxiliary switch OFF at the ZCS state and D_, prevents
negative current to flow in §_ . During this mode, C, is
discharging through the resonant circuit of C',, L, and L
. The important equations of this stage are:

)

Ik 2

Vin

Ve (t;)—
2 sin[a,(t —t,)] (10)

]Lr(tB):O:iLr(t):

4

Vin
2

vCr(t)zVCr(t3)+[VC,(t3)— jcos[a)4(t—t3)] (11)
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L

eq 4 _ ik
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2
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Interval V [t,,t,]: In this mode, the introduced converter
operation is just like a traditional fly-back converter. This
mode finishes when the main switch S is turned-off.

Interval VI [t,,t,]: At the beginning of this mode, S is
turned-off under ZVS condition due to C, . The current of
magnetizing inductance L, starts to charge C_ until its
voltage reachesto V', + NV +v_ +v,,,-

Interval VI [t,,t,]: At ¢, diodes D, and D, start
conducting. As C_ voltage is greater than V', , a positive
voltage is placed on the output side and, D, is forward
biased. The energy of L, , and L, , are absorbed by C, and
C, , respectively. This interval continues until D, current
reaches zero, and C voltage becomes equal to its DC voltage
level. The related equations of this mode are:
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Ve 0) =V, (ts) (13)
ilkz(t) — Vin +VCr (16);NVO _VS (t6) x
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Interval VII [t,,t,]: At the beginning of this stage, a
resonant circuit between the transformer leakage inductances

(16)

and C . is formed. This interval ends when [ Wl and L 2
currents reach zero.
. V. +2NV -V (¢
l]kz(t)z in [0 S(7)><
Z, (17)

sin[@g (¢ —1;)]+1,(t;) cos[ax (t —¢,)]

Vg () =V, (t7)+(VS (t7)_Vin —2NV, )X

. 18
cos[a)8 (t—1, )]+(Z7.Ilk2(t7))sm[a)8(t —1,)] (18)
Where:
03 ! L= ZL—”‘ (19)
2L, C, C,

Interval IX [t,,t;]: In this interval, the transformer
magnetizing inductance energy by transferring the main
diode D, to the output load.

4- Converter Design Consideration

By using the volt-second balance principle on the
magnetizing inductance, the introduced converter conversion
ratio is attained as follows:
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Capacitor C is obtained similar to the conventional
turn-off snubber capacitor [18], as follows:

C (e2))

where [ . is the main switch current before turn-off, ¢ ’ is
the fall time of the switch current which is found in datasheet
and V' is the main switch voltage after turn-off. When the
main switch turns OFF, the main switch current decreases
from o to zero. Thus:
8

I, ¢,
S min 2\/§VS ( )
and also:
Csnubber :Cs _Coss (23)

During intervals I and II, the capacitor C, mustcompletely
discharge C . Hence, the time duration of these intervals are
very short. As the switching period is equal to 10 us, and the
resonance period is considered 0.8 us. Thus:

T, S%Tm =T, =10us =T, =08us (24)

T, =2xJL,,C,,=08=27(3C, ,=C,,=50F (25)

from (6) and (22):
Cqu _ CSCrC 5o 3.2Xgr —C, =46nF 6
2C, + 2’ 6.4+ 2’

The capacitor C, should be discharged through resonance
with resonant inductor L during the main switch on time.
Therefore, half of this resonance period should be less than
the main switch minimum on-time, D, T, - The resonant
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inductor relation is obtained by:

res S D T

min” sw

27

<ty =>L,C,

2/ 2
min

T SW
(237 7°C,

237 JLC, =D, T, =L = (28)

At the beginning of stage VII, the voltage of the snubber
capacitor C is equal to the sum of the transferred output
voltage to the transformer primary side and the input voltage.
Afterwards, the stored energy of L, , starts to discharge
in the snubber capacitor C and its voltage increases.
Therefore, maximum voltage across the main switch can be
expressed as:

N L
Vs mw =V i+ ———— 1V, + /—”‘2 xi 29
S ,max in (N“‘i‘N]zj 0 CS N 12,max ( )

Where:

=1, (30)
12

! N 12,max

2| =

The Maximum current of the main switch S happens during
mode IV which the resonant capacitor C, is discharged into
the resonant inductor L, by the main switch. The current
stress and the RMS current flowing through the main switch
are approximately:

S l,.
Ls =1p, iy :E(lu +1)

(31
V.
Ve (ty)—
; _ Cr(3) 2 +£ (32)
S 27, 2
IS,rms ziS,max\/B (33)

The Maximum voltage of the auxiliary switch is clamped
to the input voltage level V', , by D ..

At the end of mode II, the snubber capacitor C_ is
completely depleted by C, through S, . Based on (5) and
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Table 1. Utilized converter components

Component Specification
Input voltage Vi, (V) 155
Output voltage V (V) 24
Output power Py (W) 120
Switching frequency f;,, (kHz) 100
Duty cycle D 0.38
Switch § IRFP460
Switch S, IXFPS8ON25X3
Diodes Dgq, Dga, Do VS-20CTQ150-M3
Diodes D3 MUR1640
Inductor L, (uH) 5
Capacitor Cy (uF ) 100
Capacitor C, (nF ) 47
Capacitor Conypper (0F ) 3.3

Leakage inductances Ljyq, L (WH)
Turns ratio (Ny; +N;3) / Npq

Magnetizing inductance L, (mH)

oo@ @

(6), the maximum and the RMS current flowing through S,
are expressed by:

lgg =le, =205, ()1 (34)
- :(2L,k (€, +2C,) _IJ .
’ C,+4C,,

1 ’ 35

E( in +VS(tl))_VCV(tl) 1L, (Cr +2C,) > ( )
2 7 + [[kl(tl)_Ci

2 ,+4C,
2z

ISa,rms = lSa,max ]Sa,rms = (36)

a)ZTsw
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5- Simulation Result

A 120W prototype converter is designed and simulated by
PSPICE software to verify the proposed converter operation
and the theoretical analysis. In Table 1, the utilized components
and parameters of this converter are illustrated. In Fig. 4, the
simulation results of the presented converter are displayed at
full load. As can be demonstrated from Fig. 4 (a) and (b),
the capacitive turn ON loss of this converter is low. since the
main switch turns ON under ZVS condition and the voltage
stress of the auxiliary switch is limited to input voltage level.
Furthermore, in the introduced converter, soft switching of
the auxiliary switch at turn-on and turn-off is under ZCS state
while the main switch is under ZVS condition. The current
and voltage waveforms of D ,, D, and D, are shown in
Fig. 4 (c), (d) and (e) respectively. The current waveform
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Fig. 4. Voltage and current waveforms of the (a) main switch S (b) auxiliary switch S, (¢) auxiliary diode D, (d)
auxiliary diode D, (e) output diode D, and (f) resonant capacitor C, in the ZVT fly-back converter using PSPICE
Software at full load (V, =155V, P, =120 W).

of diode D, is similar to the auxiliary switch, as they are
in series. According to Fig. 4, all the auxiliary diodes and
output diode are turned OFF under ZCS state. As a result,
the reverse recovery problem is solved. Moreover, the current
and voltage waveform of resonant capacitor is depicted
in Fig. 4 (f). In Fig. 5 and Fig. 6, the current and voltage
waveforms of the main switch and the auxiliary switch are
illustrated at light load and half load, respectively. As can
be demonstrated, soft-switching condition is independent of
the load. Fig. 7 indicates the simulated loss analysis of the
presented converter elements at full load. According to the
total power loss, the overall efficiency of 94.08% is obtained
for the introduced converter.
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6- Conclusions

In this paper, soft-switching condition is created by an
active lossless snubber for the PWM fly-back converter.
As a result, the voltage-current overlap loss is removed. In
fact, the main and the auxiliary switch operate under ZVS
conditions and ZCS states, respectively. As a result, the main
switch capacitive turn ON loss is eliminated. Furthermore,
the capacitive turn ON loss is low in the auxiliary switch,
as its voltage stress is much lower than the main the switch
voltage. Moreover, all diodes turn OFF under ZCS condition
and reverse recovery problem is mitigated. Furthermore, this
topology does not require any isolated gate driver.
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Fig. 5. Voltage and current waveforms of the (a) main switch S (b) auxiliary switch S_using PSPICE software
at light load (V, =155V, P =12 W).

A} SIS I\ - \ n i 2
D LLLS arv !
i \ T i) ; |
HIE v(50 V/div) i L[ HZES furn-L) i ey AREIEE |
— T ZES turn=OFF {11
| 'jvs,rlhr _ON Hik :
]
il ZVS!turd-OFE 1 [ i i
b L (51 A/ L > I
- ; o NAPavasia ,/-q.\ T | N & ; \ [
| 4 M \ D -~
W}/ ) Y g :

(a) (b)

Fig. 6. Voltage and current waveforms of the (a) main switch S (b) auxiliary switch S, using PSPICE software at
half load (V, =155V, P_ =60 W).
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Fig. 7. Loss analysis of the proposed fly-back converter elements using PSPICE software.
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