Comparisons of zero-voltage-transition Cuk converters

C.-J.Tseng and C.-L.Chen

Abstract: With continuous input and output current, wide output voltage range and a small output
filter, Cuk topology has received more and more attention in recent years. Soft switching is especially
important to a Cik converter, because the power handling capability requirements of semiconductor
devices are higher than those of other topologies. Several kinds of newly proposed zero-voltage-
transition (ZVT) topologies can be applied to Cik converters to achieve soft switching. These ZVT
topologies combine both the merits of conventional PWM converters and resonant converters. The
power switches in the ZVT topologies commutate under zero-voltage-switching with the aid of
resonant snubber cells during a short ZVT time. Circuit operations are identical to common PWM
topologies during the rest time. Four classes of ZVT topologies for Cuk converters, with power
MOSFETs employed as power switches, are discussed. Qualitative descriptions and experimental
results are presented to illustrate each class of ZVT topology.

1 Introduction

Most DC/DC converters and power factor correctors use
pulse-width-modulated (PWM) techniques as the control
technique. The PWM technique prevails against other con-
trol techniques for its high-power capability and ease of
control. Higher power density and faster transient response
of PWM converters can be achieved by increasing the
switching frequency. However, as the switching frequency
increases, so do the switching losses and EMI noises. High
switching losses reduce the power handling capability and
serious EMI noises interfere with the control of PWM con-
verters.

Cuk converters have been widely used as DC-DC con-
verters and power factor correctors since first introduced in
1977 [1-3], they are less advantageous because of their con-
tinuous input and output current, ripple-free input current,
small output filter and wide output voltage range. How-
ever, as shown in Fig. 1, the switch utilisation factor of the
Cuk topology is much lower than those of the buck topol-
ogy and the boost topology [4]. In other words, the power
handling capability requirements of the semiconductor
devices of a Cuk converter are much higher than those of a
buck converter or a boost converter with the same output
power. Reduction of switching losses and EMI noises are
especially important to a Clk converter.

To eliminate switching losses and EMI noises, a number
of zero-voltage-transition (ZVT) topologies have been pro-
posed in recent years [S~11]. These ZVT topologies use
auxiliary switches and other passive components to form
shunt resonant shubber cells. Switching losses and EMI
noises are reduced, because the shunt resonant snubber cell
helps the power switch to commutate under zero-voltage
switching during a short ZVT transient time. The operation
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principles are identical to common PWM topologies during
the rest time. Control strategies and design rules of PWM
topologies can be directly applied to ZVT topologies. The
advantages of both conventional PWM converters and res-
onant converters are maintained in ZVT converters. Sev-
eral ZVT topologies can be applied to Cik converters to
reduce switching losses and EMI noises. Four classes of
ZVT topologies for Cik converters, with power MOSFETs
employed as power switches, are discussed in this paper.
Qualitative descriptions and experimental results are pre-
sented to illustrate each class of ZVT topology.
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Fig.1  Switch utilisation factor in DC/DC converters

2 The ZVT topologies for Cuk converters

To eliminate switching losses and EMI noises in Cuk con-
verters when power MOSFETs are used as power switches,
several kinds of ZVT topologies have been proposed in
recent years. Among them, four classes of ZVT topologies
are deemed suitable to be applied to Clk converters. The
circuit structures and qualitative characteristics of these
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four ZVT Cuk converters are presented. The voltage and
current stresses of the main semiconductor devices in these
four topologies are also shown in this Section.

2.1 Class A 2ZVT topology

The ZVT topology, first introduced in [5], can be applied to
a Cuak converter, as shown in Fig. 2. It is called class A
ZVT topology hereafter in this paper. It differs from a con-
ventional PWM Ciik converter by possessing an additional
resonant snubber cell consisting of a resonant inductor (L)),
a resonant capacitor (C)), an auxiliary switch (S,) and an
auxiliary diode (D,). The resonant capacitor C, also incor-
porates the output capacitance of the power MOSFET. An
additional diode in series with the resonant inductor or the
auxiliary switch is required in practice. This diode can pre-
vent the resonant inductor from resonating with the output
capacitance of the auxiliary switch after the auxiliary diode
is turned off. Based on the circuit analysis in [5], key wave-
forms of the class A ZVT topology are shown in Fig. 3.
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Fig.3 Key waveforms of class A ZVT Cik converter

The features of the class A ZVT topology are summa-
rised as follows:

" Advantages

* Minimum voltage and current stresses of switches and
diodes: The voltage and current stresses of the main switch
are identical to those in an ideal lossless Ctik converter.
They are even smaller than those of a hard switching Cuk
converter considering the voltage and current spikes during
transients. The auxiliary switch has the same voltage stress
as the main switch, while the current stress is less than that
of the main switch because it only handles small amounts
of resonant transition energy (8]. Voltage and current
stresses of the main diode are the same as the main switch
and those of the auxiliary diode are the same as the auxil-
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iary switch. The active and passive switches in the class A
ZVT topology are subjected to minimum voltage and cur-
rent stresses.

Disadvantages

s Hard switching for the auxiliary switch and diode: The
auxiliary switch and diode in the class A ZVT topology do
not operate under soft switching. It can be seen from
Fig. 3 that hard switching of these two semiconductor
devices occurs when the auxiliary switch turns off at ;. Not
only the resulted switching losses, but also the dv/dr EMI
noises significantly reduce the performance of the class A
ZVT Cik converter.

o Limited discharge of the resonant inductor: The main
switch S; has to turn off after discharge of the resonant
inductor L, is accomplished. It lengthens the minimum
duty cycle of the main switch. A long minimum duty cycle
not only increases the minimum acceptable output voltage
range but also makes the class A topology unsuitable to be
employed under a wide range of applications.

» An additional saturable reactor required: In the class A
ZVT topology, the main diode and the auxiliary diode are
essentially in parallel. When the main diode is conducting,
a certain percentage of current will flow through the auxil-
iary diode. This undesirable feature will cause considerable
switching loss when the auxiliary switch turns on. An addi-
tional saturable reactor placed in series with the resonant
inductor is required.

Fig.4 Circuit diagram of class B ZVT Cik converter

2.2 C(Class B ZVT topology

A modification of the class A ZVT topology proposed by
the authors yields the class B ZVT topology, as shown in
Fig. 4. The major difference between the class A and class
B ZVT topologies is the discharge path of the resonant
inductor. The anode of the auxiliary diode D, is connected
to the output instead of the anode of the main diode D,.
Several distinct advantages are acquired, but no additional
component is needed compared with the class A ZVT
topology. The control ICs UC3855 and MI1.4822, designed
for class A ZVT topology can be used in this topology as
well. Circuit operations during one switching cycle can be
divided into seven stages, which are shown in Figs. 5a-g.

Stage 1 (Fig. 5a; ty < t < 1;): The auxiliary switch S, turns
on at t;. The growth rate of the reverse recovery current of
the diode D, is restricted by the resonant inductor L, to
achieve ZCS turn-on of the auxiliary switch S,. Assuming
that #rr is the reverse recovery time of D;, the peak value of
the reverse recovery current, /,,, can be given by

VCltrr

Stage 2 (Fig. 5b; t; < t < t,): The reverse recovery phe-
nomenon finishes at 7. As soon as D is turned off, C;
starts to discharge to L, through S,. The growth rate of the
voltage across D;, which is equal to Vi — Vo, 1s restricted
by C; to achieve ZVS turn-off of D,. Assuming that the
inductor currents I;, and I;, are both constant at this

Ly =Ip.(t1) = Iy —Io =
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Fiq.5 Equivalent circuits of class B ZVT Cik converter during one switching
cycl

a Stage 1 e Stage 5
b Stage 2 S Stage 6
¢ Stage 3 g Stage 7
d Stage 4 '

stage, the resonant inductor current and resonant capacitor
voltage are

%
Inp(t) = —2* sinfwr(t = 1))
1
+ I cos(wl(t — tl)) +Ir1 + Iy (2)
Vcr(t) =V cos(w1 (t - tl)) —1..7; sin(wl (t — tl))

3)
where
L,
- 1 5
“= Lo )

Stage 3 (Fig. 5¢; t, < t < t3): When V, is discharged to
zero at f,, the body diode of the main switch, Dg;p, is
turned on simultaneously. The drain-source voltage of S,
remains zero after 4. I;, retains its peak value at this stage
and is given by

L,I2 + C,VZ
Inep=1Ip +1I2+ _T_TT_Z_T_C_I (6)
Stage 4 (Fig. 5d; t; < t < t4): S; turns on and S, turns off
at ;. The resonant inductor L, starts to discharge to the
output through the auxiliary diode D,. When S; turns on
at #3, since the main switch S; is not on the discharge path
of L, the current through S, raises immediately to the nor-
mal turn-on current, which equals the sum of /;; and Ij,.
Stage 5 (Fig. Se; ty < t < t5): S; turns off at 4. After 4, Ity
and I, start to charge the resonant capacitor C, to achieve
ZVS turn-off of S;. Discharge of L, can still be executed in
this stage even if S, is off.

Stage 6 (Fig. 5f; t; <t < tg): The main diode D, is turned
on under ZVS when V, is charged to V, at #. The reso-
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nant inductor L, can keep discharging at this stage without
influencing the state of S; and D.

Stage 7 (Fig. 5f; ts < t < 15): The energy recovery process
will be finished after [, is discharged to zero at 5. The aux-
iliary diode D, is also turned off under ZCS at the same
time. After that, the circuit operation is identical to the
turn-off state of a conventional PWM Cik converter. It
returns back to stage 1 when the auxiliary switch S, turns
on again at £, in the next switching cycle.

Based on the analysis presented above, key waveforms of
the class B ZVT topology are shown in Fig. 6.
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Fig.6 Key waveforms of the class B ZVT Cik converter

The features of the class B ZVT topology are summa-
rised as follows:

Advantages

¢ Robust discharge of resonant inductor: Since the dis-
charge current of the resonant inductor L, does not flow
through the main switch S;, S; can turn off before L, is
completely discharged. The minimum duty cycle of the
main switch is shorter than for other ZVT topologies. This
desirable feature makes the class B ZVT topology espe-
cially suitable to be employed for PFC applications, for
example. Since the duty cycle of the main switch deter-
mines the output voltage range for linear operation, the
output voltage range of the class B ZVT topology is also
the widest. The saturable reactor in the class A ZVT topol-
ogy is no longer necessary in the class B ZVT topology due
to robust discharge of L,.

¢ Minimum ZVT time: Unlike other ZVT topologies, dis-
charge time of the resonant inductor is not involved in
ZVT time in the class B ZVT topology. The main switch
handles all the current from L; and L, immediately after
ultrashort ZVT time. The voltage and current waveforms
of the switches in the class B ZVT topology are essentially
square-waves, except during ultrashort ZVT time. Control
and design techniques of PWM converters can be best
applied to the class B ZVT topology. Compared with class
A ZVT topology, a larger L, can also be used to reduce
reverse recovery loss of D; with the same ZVT time. It
decreases not only the turn-on loss but also the current
stress of S,.

Disadvantages
¢ Hard switching for the auxiliary switch and diode: As in
the class A ZVT topology, the auxiliary switch and diode
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in the class B ZVT topology do not operate under soft
switching.

¢ Increased voltage stresses of the auxiliary switch and
diode: Compared with the class A ZVT topology, the volt-
age stresses of both the auxiliary switch S, and the auxiliary
diode D, increase from ¥, + ¥, to V; + 2V}, Since the high
voltage stresses appear for only a short time period with
the current stresses unchanged, semiconductor devices with
only slightly larger voltage ratings are sufficient.

2.3 Class C2ZVT topology

The ZVT topology, first introduced to be applied to a
boost converter [6], can also be applied to a Cak converter,
as shown in Fig. 7. It is-called a class C ZVT topology
hereafter in this paper. It differs from a conventional PWM
Cuak converter by possessing an additional resonant snub-
ber cell, consisting of two resonant capacitors (C,; and Cp),
a resonant inductor (L) and an auxiliary switch (S,). The
resonant capacitor C,; incorporates the output capacitance
of the main power MOSFET. Body diodes of the main
switch and the auxiliary switch are also utilised. Based on
the circuit analysis in [6], key waveforms. of the class C
ZVT topology are shown in Fig. 8.
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Fig.8 Key waveforms of class C ZVT Cik converter

The features of the class C ZVT topology are summa-
rised as follows:

Advantages

s Soft switching for all semiconductor devices: The major
disadvantage of the class A and class B ZVT topologies is
that the auxiliary switches and diodes operate under hard
switching. In the class C ZVT topology, the auxiliary
switch turns off after its body diode is conducting to
achieve ZCS turn-off. All semiconductor devices are com-
mutated under soft switching.

¢ No need to isolate the drive circuit: Unlike the other
three topologies, the drive circuit of the class C ZVT topol-
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ogy requires no isolation. Since the synchronisation prob-
lem between the control signals of the main switch and the
auxiliary switch is very important in ZVT topologies, relia-
bility is much improved without the requirement of an iso-
lated drive circuit, and circuit cost is also reduced.

Disadvantages

s Energy accumulated in resonant snubber cell: It can be
seen from Fig. 8, that the energy in the resonant snubber
cell keeps constant from ¢, to ¢, because either the voltage
across or the current through the snubber cell is ideally
zero. However, from ¢, to-1,, the energy increases because
both the voltage and the current are positive. It is clear that
the energy in the resonant snubber cell accumulates during
ty — 1, every switching cycle. Since the snubber energy is
stored in C,,, power dissipative components are required to
prevent unacceptable high voltage across C,,. This undesir-
able feature reduces not only efficiency but also practicabil-
ity.

¢ Turn-on current spike of the main switch: The penalty
for applying soft switching to all semiconductor devices is
the turn-on current spike of the main switch S,. It increases
conduction losses and sometimes increases the current
stress of S, as the current spike is approximately twice that
of the inductor current during turn-on. The increased cur-
rent stress of S; can be reduced to only 33.3% of the aver-
age current with properly selected inductor values of L,
and L,. It is much less than that in the discontinuous con-
duction mode where the current stress of S is over 200% of
the average current. However, the increased conduction
losses indeed reduce the efficiency, and the increased cur-
rent stress of S, raises the circuit cost.

¢ Increased voltage stress of the auxiliary switch: The volt-
age stress of the auxiliary switch S, is increased by V.
Since V, varies over a wide range, the voltage stress of S,
is increased, to at most, two times that of S;, which not
only increases circuit costs but also decreases stability.

Fig.9 Circuit diagram of class D ZVT Ciik converter

2.4 Class D ZVT topology

The class D ZVT Cuk converter is shown i Fig. 9. It is
the modified version of the ZVT topology proposed by the
authors in {9], which can be seen as the amelioration of the
class C ZVT topology. An auxiliary diode D, is added to
the discharge resonant capacitor C,,. The energy in the res-
onant snubber cell is reset to zero every switching cycle by
adding D,. The increased voltage stress of the auxiliary
switch is also prevented in the class D ZVT topology.
Diode Dj; is added to clamp the voltage across S, to the
output voltage when S, is off. It prevents a high voltage
spike of S,, due to resonant ringing, when the body diode
of S, is turned off at #,. This diode can sometimes be
removed since the voltage spike of S, is generally small. As
in the class C ZVT topology, all semiconductor devices in
the class D ZVT topology, including D, and D;, also oper-
ate under soft switching. Based on the circuit analysis in [9],
key waveforms of the class D ZVT topology are shown in
Fig. 10.
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Fig.10  Key waveforms of class D ZVT Ciik converter

The features of the class D ZVT topology are summa-
rised as follows:

Advantages

¢ Soft switching for all semiconductor devices: As in the
class C ZVT topology, all semiconductor devices in the
class D ZVT topology also operate under soft switching.
Switching losses and EMI noises are reduced to a mini-
mum.

¢+ Energy in the resonant snubber cell reset every switching
cycle: It is shown in Fig. 10 that the current through L,
(I1,) and the voltage across C, (V) are reset to zero before
S; turns on in every switching cycle. Although the energy
temporarily stored in L, and C, still ‘varies during different
switching cycles, it is reset to zero every time before S; tums
on. No energy can be accumulated in the resonant snubber
cell. The problem of the class C ZVT topology is resolved
by adding an auxiliary diode D,. The increased voltage
stress of the auxiliary switch of the class C ZVT topology is
also prevented. This desirable feature guarantees that the
class D ZVT topology is eligible to be employed under
long-term operation.

Disadvantages

o Turn-on current spike of the main switch: As described
in the class C ZVT topology, the penalty for applying soft
switching to all semiconductor devices in the class D ZVT
topology is the turn-on current spike of the main switch S;.

» Increased voltage stress of the auxiliary diode: Although
the voltage stress of the auxiliary switch S, is not increased
as in the class C ZVT topology, the voltage stress of the

auxiliary diode D, is increased by V. Since V¢, in the
class D ZVT topology is limited to a comparatively small
value, the voltage stress of D, does not increase too much,
besides, the increased voltage stress of D, appears for only
a short period of time. A power diode with a slightly larger
voltage rating is sufficient.

2.5 \Volitage and current stresses of four ZVT
topologies

To further compare the four ZVT topologies presented
above, the voltage and current stresses of the power devices
are shown in Table 1. In Table 1,1, = I, + Iy, V= VS
+ Vg, Ipi = (CJL,)*5V = discharge current of C,.

3 Experimental results

In order to provide an experimental comparison of the
topologies described in this paper, prototypes of four
400W, 200V DC output, 50kHz ZVT Cik converters have
been built in the laboratory to verify the analysis presented.
The component specifications of these four circuits are
listed in Table 2. A hard switching Cuk converter with the
same specifications is also built. The efficiency, at 400W
loading, of the class A, B, C and D ZVT topologies and
the hard switching counterpart are 95.0%, 95.2%, 94.3%,
94.7% and 88.7%, respectively.

Table 2: Part lists of four ZVT Cuk converter prototypes

Class A Class B Class C Class D
L, 800uH 800uH 800uH 800uH
L, 800uH 800uH 800uH 800uH
(o2 4.TuF 4.7uF 4.7uF 4.7uF
Co 660uF 660uF 660uF 660uF
S, 25K2198 2SK2198 25K2198 2SK2198
D, HFA15TB60 HFA15TB60 HFA15TB60 HFA15TB60
S, 2S5K2198 25K2198 25K2198 25K2198
D, HFA15TB60 HFA15TB60 N/A HFA15TB60
L, 15uH 60uH 12uH 12pH
CdC.) 3.3nF 3.3nF 3.3nF 3.3nF
Ceo N/A N/A 22nF 22nF

Key oscillograms of the class A, B, C and D ZVT topol-
ogies are shown in Figs. 11-22, respectively. Switch com-
mutation oscillograms of the hard switching converter are
also shown in Fig. 23. It is clearly seen from the oscillo-
grams of Vy, and [ that the main switch in each topology
operates under ZVS. The major difference of the commuta-
tion waveforms of the main switches is that the Is of the
class C and class D ZVT topologies have turn-on current
spikes. The current spikes increase conduction losses and
current stresses of the main switches. Although no current
spikes appear on I, in the class A and class B ZVT topol-
ogies, the auxiliary switches operate under hard switching,

Table 1: Voltage and current stresses of power devices in four ZVT Cuk

converters
S, S, Dy D,
Vstress  [Istress Vstress [stress Vstress [stress Vstress Istress
A Ve I Ve Ii+lpis Ve I Ve I+ Ipss
B Ve I Ve Ih+ipis V¢ I Ve+ Vo I+ Ipis
C VC 2’L + ID,'S VC IL + ’D[s VC IL N/A N/A
D Vc 2IL + /Dis VC ’L + ’Dis VC IL VC + Vc,q IL
IEE Proc.-Electr. Power Appl., Vol. 146, No. 4, July 1999 437



Fig.1

1 Key oscillograms of class A

100V/div; 4A/div; 2ps/div

Fig

12 Key osczllograms of class A

lOOV/dlv 4A/div; 2us/div

Fi

Fig.14

ZvT Cuk converter: Vs, and Iy

g.13  Key oscillograms of class A
100V/div; 4A/div; 2us/div

ZVT Ciik converter: V¢, and I,

Key oscillograms of class B

100V/div; 4A/dv; 2ps/div
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ZVT Cik converter: V; and Ig;

Fig.15  Key oscillagrams of class B ZVT Cik converter: Vg, and I,
100V/div; 4A/div; 2ps/div

ey s — . :
: :  Vor: :
SIS,
Lo DR :
urw o0\ a0t > i
- } }
......................... A N P

Fig. 16 Key osallogrwm af class B ZVT Cik converter: Ve, and Iy,
/IOOV/dlv 4A/div; 2ps/div

" Fig.17  Key oscillograms of class C ZVT Cik converter: Vg; and Ig;
100V/div; 4A/div; 2ps/div

Fig. 18 Key osczllograrm of ckzss C zyvr Cuk converter: VSZ and I,
100V/div; 4A/div; 2ps/div
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increasing switching losses and EMI noise. A choice has to
be made between the increased switching losses and EMI
noise caused by the hard switching of S, (topologies A and
B) and the increased conduction losses and current stresses
caused by the turn-on current spikes of S; (topologies C
and D).

Fig.19  Key oscillograms of class C ZVT Cik converter: Ve, and I,
50V/div; 4A/div; 2us/div

S | HE SR i P —

Fig.20 Key oscillograms of class D ZVT Ciik converter: V; and I,
100V/div; 4A/div; 2ps/div

i I i e al

Fig.21  Key oscillograms of class D ZVT Citk converter: Vg, and Isy
100 V/div; 4A/div; 2ps/div

Comparing the waveforms shown in Figs. 11-16, it can
be seen that the waveforms of the class A and class B ZVT
topologies are quite similar. However, since the class B
ZVT topology has a more robust discharge of the resonant
inductor and a shorter ZVT time, it is recommended com-
pared with the class A ZVT topology. Comparing the
waveforms shown in Figs. 17-22, it can also be seen that
the waveforms of the class C and class D ZVT topologies
are quite similar. Although the class C ZVT topology is
easily implemented, because the drive circuit requires no

IEE Proc.-Electr. Power Appl., Vol. 146, No. 4, July 1999

isolation, it has a serious problem in that the energy is
accumulated in the resonant snubber cell. This problem is
solved in the class D ZVT topology by simply adding an
auxiliary diode. An optional diode D; can also be added to
prevent the voltage spike across S, caused by resonant ring-
ing. The class D ZVT topology is recommended compared
with the class C ZVT topology.

i P

Fig.22  Key oscillograms of class D ZVT Ctik converter: V., and I,
50V/div; 4A/div; 2ps/div

Fig.23  Commutation oscillograms of the hard switching Cik converter
100V/div; 4A/div; 2ps/div

4 Conclusion

Four classes of newly proposed ZVT topologies for Cuk
converters have been presented in this paper. Comparison
of these four ZVT topologies is accomplished through
qualitative descriptions and experimental waveforms. The
characteristics of each ZVT topology are summarised in
Table 3. The major disadvantage of the class A and class B
topologies is the hard switching of the auxiliary switch and
diode. It increases switching losses and EMI noises. In con-
trast, soft switching is applied to all semiconductor devices,
including auxiliary switches and diodes, in the class C and
class D topologies. However, the penalty is the turn-on cur-
rent spike of the main switch, which becomes the major
disadvantage of the class C and class D topologies, increas-
ing conduction losses and current stress of the main switch.
A choice must be made between the increased switching
losses and EMI noise caused by hard switching of S,
(topologies A and B) and the increased conduction losses
and current stresses caused by turn-on current spikes of S;
(topologies C and D). Since the discharge path of the reso-
nant converter is modified in the class B ZVT topology, a
shorter ZVT time and more robust discharge of the reso-
nant inductor make the class B ZVT topology superior to
the class A ZVT topology. Since the class D ZVT topology
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prevents the energy from being accumulated in the snubber
cell by adding an auxiliary diode, the class D ZVT topol-
ogy is deemed superior to the class C ZVT topology.

Table 3: Comparison of four ZVT Ciik converters

Class A ClassB ClassC ClassD
Snubber components 4 4 4 5
ZVT time mid short long long
Hard switching devices S,,D, S, D, none  none
Increased stresses none Vg, Vm lsu Vst st Vo
Snubber energy accumulated no no yes no
Isolated drive circuit required  yes yes no yes
Saturable reactor required  yes no no no
Specified control iC yes yes no no
L, discharge limited by S; yes yes

yes no

5

1

440

References

CUK, §., and MIDDLEBROOK, R.D.: ‘A new optimum topology
switching DC-to-DC converter’. Proceedings of PESC’77, 1977, pp.
160-179

—
—_

LIN, BT, and LEE, Y.S.: ‘Power-factor correction using Cik con-
verters in discontinuous-capacitor-voltage mode operation’, IEEE
Trans. Ind. Electron., 1997, 44, (5), pp. 648653

HERNANDEZ, M., AGUILAR, C., ARAU, J., SEBASTIAN, J.,
and UCEDA, J.: ‘Comparative analysis of boost and buck-boost
derived topologies used as power factor correctors’. Proceedings of
IECON’95, 1995, pp. 335-340

MOHAN, N., UNDELAND, T., and ROBBINS, W.: ‘Power elec-
tronics: converters, applications and design’ (Wiley, 1989), pp. 98-99
HUA, G, LEU, CS,, JIANG, Y., and LEE, F.C.: ‘Novel zero-voit-
age-transition PWM converters’, IEEE Trans. Power Electron., 1994,
9, (2), pp. 213-219

MOSCHOPOULOS, G., JAIN, P., and JOOS, G.: ‘A novel zero-
voltage- switched PWM boost converter’. Proceedings of PESC’95,
1995, pp. 694-700

MOSCHOPOULOS, G., JAIN, P,, LIU, Y.F., and JOOS, G.: ‘A
zero-voltage- switched PWM boost converter with an energy feedfor-
ward auxiliary circuit’. Proceedings of PESC'96, 1996, pp. 76-82
HUA, G, and LEE, F.C.: “Soft-switching techniques in PWM con-
verters’, IEEE Trans. Ind. Electron., 1995, 42, (6), pp. 595-603
TSENG, C.J., and CHEN, C.L.: ‘Novel ZVT-PWM converters with
active snubbers’, IEEE Trans. Power Electron., 1998, 13, (5), pp. 861—
869

SMITH, K. M., and SMEDLEY, K.M.: ‘A comparison of voltage-
mode soft-switching methods for PWM converters’, JEEE Trans.
Power Electron., 1997, 12, (2), pp. 376-386

McMURRAY, W.: ‘Resonant snubbers with auxiliary switches’. Pro-
ceedings of the IAS Annual Meeting, San Diego, USA, Oct. 1989, pp.
829-834

IEE Proc.-Electr. Power Appl., Vol. 146, No. 4, July 1999



