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Two-switch flyback PWM DC-DC converter
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SUMMARY

The two-switch flyback DC-DC converter is an extended version of the conventional single-switch flyback
converter. An additional switch and two clamping diodes serve as a simple, but an effective way to
limit the switch overvoltages, which occur in the conventional single-switch flyback converter due to the
ringing of the resonant circuit formed by the transformer leakage inductance and the transistor output
capacitance. The clamping diodes in the two-switch flyback topology clamp the maximum voltage across
each switch equal to the DC input voltage. This paper presents a detailed steady-state analysis and design
procedure of the diode-clamped two-switch flyback converter operated in continuous-conduction mode
(CCM). The power loss in each component of the two-switch flyback converter is compared with those
of the single-switch flyback converters with and without RCD clamp, and is presented in a tabular form.
The two-switch flyback converter was bread-boarded to validate the theoretical analysis. Experimental
results from a 10V/30W, 100kHz laboratory prototype verified that the maximum switch voltage is
limited to the DC input voltage. Copyright © 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The flyback pulse-width modulated (PWM) DC-DC power converter is a very important circuit
in switching mode power supplies (SMPSs) converter for low-power applications [1-18], such as
laptops, battery charge equalizers, and telecommunication equipments. The main drawback of the
single-switch flyback converter is the high turn-off voltage stress suffered by the switch. The high
voltage transients are caused by the resonant behavior of the transformer leakage inductance and
the transistor output capacitance, resulting in ringing superimposed on the steady-state switch
voltage level. This requires a transistor with higher on-resistance rpg, causing higher conduction
loss. The ringing also increases the switching loss. In addition, the switch voltage stress is not
easily predictable because it is difficult to determine the magnitude of the ringing during the design
stage. In order to alleviate the drawbacks of the single-switch flyback converter, several topologies
of the single-switch flyback converter with active-clamp circuit have been proposed to reduce the
switching losses by achieving soft switching [7—13]. However, the switches in converters presented
in [7-13] suffer from high voltage stress as the maximum voltage across the switch is the sum of
the DC input and the reflected DC output voltages. Furthermore, the gate drive circuit is complex
as the main switch and the auxiliary switch are driven complimentarily.
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The circuit arrangement with an addition of a power MOSFET and two clamping diodes to the
single-switch flyback converter leads to the two-switch flyback PWM DC-DC converter which
effectively reduces the switch overvoltage and eliminates the uncertainty of its value [1, 2, 19].
The main objective of this paper is to present a detailed steady-state analysis of the two-switch
flyback DC-DC converter operating in continuous-conduction mode (CCM). The switch output
capacitance and the transformer leakage inductance are included in the analysis. In addition, a
comparison of the losses of the two-switch and the single-switch flyback converters (with and
without RCD clamp) is also performed. The two-switch flyback converter has the following features:

e The maximum switch voltage is clamped to the DC input voltage.

e The clamping diodes provide a path to return the transformer leakage energy to the DC input
source.

e The transistor turn-off switching loss is reduced.

Section 2 presents the principle of circuit operation and analysis of the diode-clamped two-
switch flyback converter. The two-switch flyback converter design procedure is given in Section 3.
In Sections 4 and 5, equations for the power losses in the two-switch flyback converter and
experimental results are given, respectively. Conclusions follow in Section 6.

2. CIRCUIT OPERATION AND ANALYSIS

2.1. Circuit description

The basic circuits of the two-switch and the conventional single-switch flyback DC-DC converters
are shown in Figures 1(a) and (b), respectively. Figure 1(c) shows the circuit of the single-switch
flyback converter with an RCD clamp composed of a resistor Rc, a clamp capacitor Cc, and
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Figure 1. Flyback PWM DC-DC converter circuits: (a) two-switch flyback PWM DC-DC
converter; (b) classical single-switch flyback PWM DC-DC converter; and (c) classical
single-switch flyback PWM DC-DC converter with RCD clamp.
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a diode D¢. In Figure 1(a), the two switches S; and S are n-channel power MOSFETs whose
output capacitances are denoted by Cp1 and Cg2, respectively. Clamping diodes D; and D, are
cross connected across the switches and the primary winding. The rectifier diode and the filter
capacitor are denoted by D3 and C, respectively. The input DC voltage and the load resistance
are denoted by V; and Rj, respectively. Both the switches S; and S, are turned on or off at the
same time by a gate driver. The switching period T is given by 1/fs, where f; is the switching
frequency. The ratio of switch on-time #,, to the total period T is defined as the switch duty
ratio D. The transformer 7 is modeled as an ideal transformer with its magnetizing inductance
L,, (referred to the primary) and the total leakage inductance L;. To ease the mathematical analysis,
the total transformer leakage inductance is referred to the primary. The circuit operation is mainly
categorized into six stages.

2.2. Two-switch flyback converter analysis

The principle of operation of each stage is explained with the aid of equivalent circuits shown in
Figure 2 and the current and voltage waveforms of the converter shown in Figure 3. Before the
beginning of switching cycle (time t =1y), the magnetizing inductor current is commutated through
the rectifier diode D3, and all other switches and diodes are off.
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Figure 2. Equivalent circuits of the two-switch flyback converter at different stages
of a switching cycle: (a) Stage 1 [fo—11]; (b) Stage 2 [t; —#2]; (c) Stage 3 [t —13];
(d) Stage 4 [13 —14]; (e) Stage 5 [t4—15]; and (f) Stage 6 [t5—16].
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Figure 3. Voltage and current waveforms of the two-switch flyback PWM DC-DC converter in CCM.

Stage 1 [to<t<t1]: At time t =tg, both the switches S; and Sy are turned on by an external
driver. The leakage inductance L; prevents the instantaneous transfer of magnetizing current from
the transformer secondary to primary. Hence, the rectifier diode D3 remains ON. An equivalent
circuit for this stage is shown in Figure 2(a). Since the voltage across the clamping diodes D and
D, is —V;, the diodes D; and D, are reverse biased and hence their currents i p1(¢) and i po(t) are
zero. The leakage inductance L; limits the rate of rise of current through the switches S and S,.
The voltage across the magnetizing inductance is —nVp from which the current through the
magnetizing inductance is

. nVo :
iLm(t)=———(t—1t0)+iLm(t0), (1)
Ly
where i, (o) is the initial current of the magnetizing inductance at time ¢ =fg. The voltage across
the leakage inductance is V;+nVp. The current through the leakage inductance and the switches
S1 and S, are
Vi+n

Vo ) .
—— (@ —to)+ip(to), irni(to)=0, 2

ist®)=is2()=ip(t)= L

where i7;(¢) is the initial value of the current in the leakage inductance at time ¢ =¢. The current
through the switches and the leakage inductance rises linearly with a slope of (V;+nVp)/L;.
The current through the rectifier diode is

ViLy,+nVo(L,~+L)
Ly, Ly

iD3(t):_n[iLl(t)_iLm(t)]:_n|: }(t—to)—l—niLm(to)- (3)
Assuming L; < L,,, the rectifier diode current falls linearly with a slope of approximately —n(V; +
nVo)/L;. The voltages across the switches vgi(¢) and vg(¢) are zero. This stage ends at time
t =11, when the current through the leakage inductance equals the magnetizing inductance current
and the rectifier diode current reaches zero. Substituting i p3(¢1) =0 into (3), the time period of the
first stage is obtained as

Atj =t —tp= Li i Lm (10) 4)
=Hh—thy=—-7"1 .
1 1 0 VI nVo Lm\10
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Stage 2 [t] <t<tz]: During this stage the switches S; and S, are ON and all the diodes D1, D>,
and D3 are OFF. An equivalent circuit of this stage is shown in Figure 2(b). The current through
the switches, leakage inductance, and the magnetizing inductance is

Vi
Ly+L

isiO)=isa()=ip(t)=ipm(t)= t—t)+im(t), (5)
where if,,(¢1) is the initial current of the magnetizing inductance at t=¢;. The current through
the magnetizing inductance, leakage inductance, and the switches rises linearly with a slope of
Vi /(L + L;). The voltages across the switches vg;(#) and vsa(¢) are zero. The peak current of the
magnetizing inductance is

(1) = (1) = i (11, ©®)
Ln+L Sfs(Lm~+Li)
The peak-to-peak value of the ripple current through the magnetizing inductance is
AiLm=iLm(t2)_iLm(l‘l)=L- (7)
fs(Lm~+Lip)

This stage ends at time ¢ =t,, when both the switches are turned off.

Stage 3 [t» <t<t3]: During this stage, the switches S1, S> and all the diodes D, Dy, D3 are
OFF. An equivalent circuit for this stage is shown in Figure 2(c). The magnetizing current (equal to
the leakage current) charges the switch output capacitances Cp; and Cp» in a resonant manner.
The current through Cg1, Cp2, the leakage inductance, and the magnetizing inductance is

. . . . Vi . .
icoi®)=ico2®)=ip(t)=iLm(t)= Z_Il sinw(t —t)+ipm(t2)coswi(t — 1), ¥
where
L L)(C C
7= (L +L)(Co1+ 02)’ ©)
Co1Co2
and
C C
o) = 011tCo2 ’ (10)
(Lin+L)Co1Co2
Assuming Cp1=Cpy=Cp, the switch voltages are
irm(02)Zy . Vi
vDSl(l)=UDs2(t)=U001(l)=vcoz(l)=mTSIle(l—tz)—70086010—12) (11)

This stage ends at time t =¢3, when the voltage across each switch equals Vj, thus turning on the
clamping diodes D and D».

Stage 4 [t3 <t<t4]: During this stage, the switches S; and S, are OFF and all the diodes
Dy, Dy, and D3 are ON. An equivalent circuit for this stage is depicted in Figure 2(d). The voltage
across each switch is clamped to V;+ Vg, where V is the forward voltage of the clamping diode.
The current through the leakage inductance charge the input voltage source V; via clamping diodes
D1 and D, given by

iDl(f)=l'Dz(l)=iL1(f)=—(VILilZVO)(f—&)-HLl(%), (12)
where i7;(#3) is the initial current of the leakage inductance at time #3. This mode is referred to as
regenerative clamping mode. This stage ends at time ¢ =14, when the rectifier diode current i p3(¢)
equals the reflected magnetizing inductance current niz,,(z), thereby turning off the clamping
diodes D and D;.
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Stage 5 [t4 <t<t5]: During this stage, the switches S1, S> and the diodes D, D, are OFF. The
diode D3 is ON. An equivalent circuit for this stage is depicted in Figure 2(e). The resonant current
through the leakage inductance L; and the switch output capacitances Cpj and Cp3 is

ir(H)=ico1(t)=ico2(t)=iri(ts)coswa(t —1t4), (13)

where i7;(t4) is the initial current of the leakage inductance at time instant z4. The voltage across
the leakage inductance is

vpi(t)=—ipi(t4) Zosinwy(t —14), (14)
where
L;(C C
7= 1(Co1+ 02)’ (15)
Co1Co2
and

c C
wy= | S01TC02 (16)
LiCo1Co2
The voltages across the switches are

vpst(®)=vpsa(t)=vco1(t)=vco2(t) =V —iri(ts) sinwy(t —14). a7

This stage ends at time ¢ =g, when the leakage inductance current iz;(¢) drops to zero.

Stage 6 [t5 <t<tg]: During this stage, the switches Si, Sz, the clamping diodes D, D; are OFF,
and the rectifier diode D3 is ON. An equivalent circuit for this stage is depicted in Figure 2(f).
This stage is similar to Stage 5 except that the resonance between Cp1, Cp2, and L; has stopped.
The voltage across the magnetizing inductance is —nVp. The current through the magnetizing
inductance is

V.,
iLm(t)= —”L—0<r—t5>+iLm<t5>, (18)

where iy ,,(t5) is the initial current of the magnetizing inductance at t5. The rectifier diode current is

2V0

ip3() = ——(t —15) +ni L 15). (19)

m

Assuming that the switches S| and S, are identical, the voltages across the switches are

Vi+nVo

5 (20)

vpsi1(t)=vps2(t)=
Assuming that the clamping diodes D; and D, are identical, the voltages across the clamping
diodes are

nVo—-V;

5 2

vpi(t)=vpa(t) =
The current through the switches ig(7), is2(f), the current through the clamping diodes ip1(t),
ip2(t), and the leakage inductance current i;(¢) are zero. This stage ends at time t =f¢, when the
main switches S1 and $; are turned on, thus completing one complete switching cycle. In Figure 3,
the time duration of stages 1, 3, 4, and 5 are exaggerated for better understanding of the converter
operation.
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3. TWO-SWITCH FLYBACK DESIGN CONSIDERATIONS

3.1. DC voltage transfer function

Referring to the voltage waveform of the magnetizing inductance in Figure 3 and applying volt—
second balance, we have

ViAt, =Vi(Atz +Aty) +nVo (At + Ats + Ate), (22)
from which, the DC voltage transfer function of the converter is

Mo — Vo  An—(Atz+An)
vbe= Vi _n(At1+At5 +Atg)

(23)

Assuming that the time duration of stages 1, 3, 4, and 5 is very small in comparison with stages 2,
and 6, My pc can be approximated to

Vo Ay D
— = =—. 24)
Vi  nAtg n(1—D)

Mypc=

3.2. Device stresses

The selection of components is based on the maximum values of the voltage and current stresses
withstood by the switches and the diodes.

Switch stresses: During the fourth stage, the maximum off-state voltage appearing across S; and
S, is given by

Vsmi(max) = Vsm2max) = Vi(max).- (25)
During the second stage, the maximum values of the currents through the switches are

IOmax AiLm
(1 — Dmax) 27

Is M1(max) = IsM2(max) = (26)

where I max is the maximum DC output current.
Rectifier diode stresses: During the second stage, the maximum value of the diode reverse
voltage is

Vi
VD M3(max) = - +Vo. (27)

At the end of the fourth stage, the maximum value of the current through the rectifier diode is
approximately

10 nAiL
IDM3(max) = 1— gax + ) 7 . (28)
max

Clamping diode stresses: During the first and the second stage, the maximum values of the
clamping diode reverse voltage are

VDMl(max) = VDMZ(max) = VI max - (29)

During the fourth stage, the maximum values of the current through the clamping diodes are

10 max AiLm
IDMl(max) = IDMZ(max) = . (30)
n(1 — Dmax) 2
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3.3. Two-switch flyback design procedure

(D

)

3)
“4)

Copyright © 2010 John Wiley & Sons, Ltd.

Ay

Select transformer turns ratio: The DC voltage transfer function of the two-switch flyback
converter at the boundary between CCM and DCM is given by

Vo nD
Mypc=—=——"——, 31
PC= Y T n(1=D) Ch
from which, the transformer turns ratio is given by
D
1 Dmax 32)

n—= ,
MVDC(max)(1 - Dmax)

where D,y is the maximum duty cycle and My pc(max) = Vo / Vi(min). In (32), the maximum
value of the duty cycle Dy, is taken as 0.5 and My pc is calculated considering the desired
converter efficiency 7 to be 90%. The peak voltage and current stresses of the devices on
either side of the flyback transformer are influenced by n. The current and voltage stresses
are minimal when n is such that D is 0.5 [20]. Hence, the value of n is calculated at
Dmax =0.5. Furthermore, if the converter is operated for D > 0.5, the leakage inductance
is charged for a longer period of time resulting in a longer duration of the reset period
(Stage 4), which in turn delays the transfer of energy stored in the magnetizing inductance
to the load, thus reducing the converter efficiency.

Select flyback transformer magnetizing inductance: Since the current waveforms of the
switches are similar to the switch current of the single-switch flyback converter, the
usual method to determine the value of the magnetizing inductance for CCM operation
can be used. The minimum value of the magnetizing inductance for CCM operation is
given by

2 2
12 R} max (1 — Diin)
Lon(miny= L“’*“Z 7 min 33)

Select switching devices: Using (25)—(30), the power MOSFETs and the diodes are selected.
Select filter capacitor: Selection of the output filter capacitor is based on the output voltage
ripple specification.

_ Dmax VO (34)
fS Rpmin chp '

where V,, is the peak-to-peak value of the AC component of the voltage across the
capacitance, which is approximately

Verp 2 Ve = Veepp- (35)

In (35), V, is the peak-to-peak value of the output ripple voltage (usually expressed as
a percentage of DC output voltage Vo) and V,¢pp=rclcpp is the peak-to-peak value of
the voltage across the equivalent series resistance (ESR) r¢ of the capacitor. The designed
capacitor must be able to withstand the rms capacitor current given by

ICrms%IO ﬁ (36)
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The peak-to-peak value of the capacitor current is
nVo(l — Dmin)

. 37
fS(Lm+Ll) ( )

Icpp ~nAip, =

4. POWER LOSSES AND EFFICIENCY OF THE TWO-SWITCH FLYBACK CONVERTER

Equations for the power losses in the two-switch flyback converter are obtained by assuming that
the time duration of stages 1, 3, and 5 are very small. Using (5) and (26), the rms values of the
currents through the switches are

[1 (2 IoND
Is1,52(rms) = T_S/z 151,52dl=m- (38)
0

Assuming that the on-resistance of the switches rpg; =rps2> =rps, the total conduction loss in
2rps and primary winding resistance rr is

> DI
Pst1=Q2rps+rri)I§) saems) = (21”1)s-|-f”T1)nz(1

Assuming that the output capacitance of the switches Cp1=Cp2=Co and using Equation (25),
the switch capacitive turn-off loss is given by

Psw=1f£s2Co)Vey, = fsCo Vi (40)

Using Equations (19) and (28), the rms value of the current through the rectifier diode is

1 [ Io
Ip3(ms) = 7). lDSdtZ\/l_—~ (41)
2

The total conduction loss in the forward resistance Rp3 of the rectifier diode and the secondary
winding resistance rr» is

(Rp3+rr)I3

D (42)

Ppro=(RF3 +rT2)Ié3(rms) =

The average rectifier diode current /p3=1Ip, resulting in the rectifier diode loss associated with
the forward voltage of the rectifier diode V3

Pyr3=Vr3lp3=VFr3lo. (43)

Using Equations (12) and (30), the rms values of the currents through the clamping diodes are

1 = i/mi gr=_1to  [An (44)
D1,D2(rms) TS , D1,D2 n(l—D) TS'

Assuming that the forward resistances of the clamping diodes Rrp; = Rpr = RF and Aty =10%Ts,
the total conduction loss in 2Rr is

Aty 12 0.2Rp 12
— 2 _ [0) ~ 0
Prr=QRP)I}) pomsy=C2Rr) T |:n2(1 . D)2] N oD (45)

The average values of the clamping diode currents Ip| =1Ipy=1Ip =17+ 1o /n, resulting in

Ipti=Ipp=Ip=— /14' dgr—_to Al (46)
pi=Ipp=Ip=— [ ipdt=—r"r—r.

Ts Jyy n(1-D) Ts
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Figure 4. Experimental results of the two-switch switch flyback converter at V; =60V and Pp =30W:

(a) top trace: switch current waveforms igy, is2> (2 A/div.); bottom trace: switch drain-to-source voltage

waveforms vpsy, vps2 (50V/div.). Horizontal scale: 5ps/div; (b) top trace: clamping diode current

waveforms ip1, ip2 (2 A/div.); bottom trace: rectifier diode current waveform ip3 (10 A/div.). Horizontal
scale: Sus/div.; and (c) key theoretical waveforms of the two-switch flyback converter.

Assuming that the forward voltages of the clamping diodes Vr| = Vpy =V and At4=10%Ts, the
loss associated with the forward voltages of two clamping diodes is

2Velp Aty N 02Velp

Pyp=2Vplp= ~ .
VEZSTEID=0A0-D) T n(1—D)

(47)

Using Equations (5), (18), and (26), the rms value of the current through the magnetizing inductance
is approximately

Io Io
I m@ms) = 11+ = Z(—D)’ (48)
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5.00A/ @ 50.0V/

(a)

(b) - |

Figure 5. Experimental results of the two-switch switch flyback converter at V; =40V and

Po=30W: (a) top trace: switch current waveforms igq, is2 (5 A/div.); bottom trace: switch

drain-to-source voltage waveforms vpsi, vps2 (50 V/div.). Horizontal scale: 5ps/div. and

(b) top trace: clamping diode current waveforms ipj, ip2 (5 A/div.); bottom trace: rectifier
diode current waveform ip3 (20 A/div.). Horizontal scale: 5 ps/div.

The power loss in the ESR r; of the magnetizing inductance is

2 relg
PrL:rLILm(rmS): n2(1 _D)2' (49)
The total power loss in the two-switch flyback converter is
Pps=Psr1+ Psw~+ Ppra+Pyps+PrRr+Pyr+Prp. (50)
The efficiency of the two-switch flyback converter is
Po Po 1
p=to_ - . 51
P Po+PLs Prs
I+—
Po

The equations for the power losses of the single-switch flyback converter for CCM can be found
in [19].

The ratio of the conduction loss in the transistor of the single-switch flyback converter
P ps(1switch) to the conduction loss in both the transistors P, ps@switch) Of the two-switch flyback
converter is

22 22
Prpsaswich) _ rps(iswitch) 1 (VBD(lSwitCh)> 1 (Vlmax +nVo +Vpk(ring)> (52)
Prpseswitch)  2rps@swich) 2

2

VB D(2Switch) VI max

where 7 ps(1switch) 1S the MOSFET on-resistance in the single-switch flyback converter, 7 ps2switch)
is the MOSFET on-resistance in the two-switch flyback converter, Vg p(iswitch) is the MOSFET
breakdown voltage in the single-switch flyback converter, Vi poswitch) is the MOSFET breakdown
voltage in the two-switch flyback converter, and Vpj(ing) is the magnitude of the ringing. Thus
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the conduction loss in both the transistors P, ps@switchy Of the two-switch flyback converter is
likely to be lower than the conduction loss in the transistor of the single-switch flyback converter

Py ps(1switch)-

5. EXPERIMENTAL RESULTS

The two-switch flyback converter is designed for the following specifications:

Input voltage: 504+10 VDC

Output voltage: 10 VDC

Maximum output power: 30 W (3 W min)
Switching frequency: 100 kHz

The results obtained from the design procedure presented in Section 3 are given in Table I.
The theoretical voltage and current waveforms of the two-switch flyback converter shown in
Figure 3 are experimentally verified. The experimental voltage and current waveforms of the two-
switch flyback converter at full load and maximum and minimum input voltages of 60 and 40V
are presented in Figures 4 and 5, respectively. The maximum voltage across the power MOSFET
switches is clamped to 60 V for V; =60V and 40 V for V; =40V as shown in Figures 4(a) and 5(a),
respectively. The switch currents are shown in Figures 4(a) and 5(a), and the clamping diode
currents along with the output rectifier diode current are shown in Figures 4(b) and 5(b) for V;
equal to 60V and 40V, respectively. The clamping diodes D; and D; turn off at zero current.

@ 2004/ @ 100v/

Vps Veu= Vi+nVo+ V- t
. _l h_L
ip3 Tpus - \I;
® o I

Figure 6. (a) Experimental results of the single-switch switch flyback converter at

Vi=60V and Pp =30W: top trace: switch current waveform ips (2 A/div.); bottom trace:

switch drain-to-source voltage waveform vpg (100 V/div.). Horizontal scale: 5 ps/div. and
(b) key theoretical waveforms of the classical single-switch flyback converter.
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Figure 7. (a) Experimental results of the single-switch flyback converter with an RCD clamp at V; =60V

and Pp =30W: top trace: switch current waveform ips (2 A/div.); bottom trace: switch drain-to-source

voltage waveform vpg (100 V/div.). Horizontal scale: 5ps/div. and (b) key theoretical waveforms of the
classical single-switch flyback converter with RCD clamp circuit.

Figures 6 and 7 show the experimental and theoretical current and voltage waveforms of the switch
in the single-switch flyback converter without and with an RCD clamp circuit, respectively. From
the experimental voltage waveform of the switch shown in Figure 6(a), it can be seen that the
voltage stress of the switch is unpredictable due to the resonance caused by the transformer leakage
inductance and the switch output capacitance. The voltage across the switch in the single-switch
flyback converter with an RCD passive clamp is clamped to 2V; =120V as shown in Figure 7(a)
and is in excellent agreement with the theoretical waveform shown in Figure 7(b). However, the
additional loss in the clamping circuit reduces the efficiency of the single-switch flyback converter
with RCD clamp. The parameters listed in Table I are measured using Hewlett Packard 4275A
Multi-Frequency LCR meter. Table II gives the comparison of losses of the two-switch and the
single-switch flyback converters for full load and light load conditions, respectively. From Table I,
it is clearly seen that the maximum voltage stress of the power MOSFET in the single-switch
flyback converter is predicted to be 348 V. A MOSFET with higher voltage rating (IRF840, 500V,
0.85Q) is used in the single-switch flyback converter, whereas a MOSFET with lower voltage
rating (IRF510, 100V, 0.54Q)) is safely used in the two-switch topology.

Figure 8 compares the efficiencies of the two-switch flyback converter and the single-switch
flyback converter (with and without RCD clamp) versus the output power. A plot of theo-
retical efficiency predicted using the equations given in Section 4 is shown in Figure 8 and
is fairly in good agreement with the measured efficiency of the two-switch flyback converter
circuit. The total on-resistance of two power MOSFETs used in the two-switch topology is
slightly larger than that of the on-resistance of the single MOSFET used in the single-switch
version due to which the conduction losses in the two-switch flyback converter are only about
1.25 times than that of the single-switch flyback converter. From Table II, it can be clearly seen
that the overall losses in the two-switch flyback converters are lesser than that of the single-switch
flyback converter largely due to the reduced switching losses in the two-switch flyback converter.
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Table II. Comparison of power losses of the two-switch and the single-switch flyback converters.

Po=30W Po=10W

Symbol Loss (W) % of Pop Loss (W) % of Po
Two-switch flyback converter
MOSEFET conduction loss 2P.ps 1.6066 5.35 0.1758 1.758
MOSFET switching loss 2Py 0.0216 0.072 0.0216 0.216
Rectifier diode loss Pp3 2.27 7.56 0.6864 6.864
Clamping diode loss 2Pp1p2 0.8975 2.99 0.1522 1.522
Primary winding resistance loss P71 0.1458 0.486 0.0162 0.162
Secondary winding resistance loss P.ro 0.4894 1.63 0.0538 0.538
Magnetizing inductance ESR loss Pr 0.562 1.87 0.0624 0.624
Total power losses Prg 5.99 19.958 1.168 11.168
Efficiency 83.35% 89.95%
Single-switch flyback converter [19]
MOSEFET conduction loss Pps 1.264 4.21 0.1405 1.405
MOSFET switching loss Pgw 3.63 12.1 0.751 7.51
Rectifier diode loss Pp3 2.27 7.56 0.6864 6.86
Clamping diode loss — — — — —
Primary winding resistance loss P71 0.1458 0.486 0.0313 0.313
Secondary winding resistance loss P.ro 0.4894 1.63 0.0538 0.538
Magnetizing inductance ESR loss P 0.562 1.87 0.0624 0.624
Total power losses Prs 8.36 27.856 1.725 17.25
Efficiency 78.2% 85.28%
Single-switch flyback converter with RCD clamp
MOSEFET conduction loss Pps 1.264 4.21 0.1405 1.405
MOSFET switching loss Py 0.1107 0.369 0.0625 0.625
Rectifier diode loss Pp3 2.27 7.56 0.6864 6.86
Clamping diode loss — — — — —
Primary winding resistance loss P71 0.1458 0.486 0.0313 0.313
Secondary winding resistance loss P.ro 0.4894 1.63 0.0538 0.538
Magnetizing inductance ESR loss P 0.562 1.87 0.0624 0.624
RCD Snubber Circuit Prcp 4.707 15.69 1.451 14.51
Total power losses Prs 9.54 31.815 2.487 24.87
Efficiency 75.87% 80.08%
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Figure 8. Efficiencies of the two-switch flyback and the single-switch flyback converters.
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6. CONCLUSIONS

This paper has presented the steady-state analysis of the two-switch flyback converter for CCM,
taking switch output capacitance and transformer leakage inductance into account. Incorporation
of an additional switch and two clamping diodes into the classical single-switch flyback topology
provides a simple mechanism to limit the switch overvoltage. This turn-off voltage stress is
predictable and well determined. The theoretical analyses have been verified by experimental
results. Clamping of the switch overvoltage is achieved. The power transistors are turned on under
reduced stresses. These stresses are also well determined. The uncertainty of the voltage stress in the
single-switch flyback converter is removed in the two-switch flyback converter at the expense of an
additional switch and two clamping diodes. The analysis and experimental results provide a basic
understanding of the converter behavior. The two-switch flyback converter is a simple topology
with a high practical value for low-power applications. The main disadvantage of the two-switch
flyback converter is that it needs a gate-drive circuit that is capable of driving a high-side power
MOSFET. The analysis of the two-switch flyback converter with nonlinear parasitic components
and comparing the performance of the two-switch flyback converter with the soft-switching flyback
converters is recommended for future work.
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