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Abstract. This paper proposes a novel family of pulse widthdulation of soft-single-switched dc-dc converters
without high voltage and current stresses. Theseearters do not require any extra switch to achss switching,
which considerably simplifies the control circuit. all converter family members, the switch is ®ofron under zero-
current condition and is turned off at almost zeottage condition. From the proposed converter fignthe boost
topology is analyzed, and its operating modes axplamed. The proposed circuit is simulated using
MATLAB/Simulink.
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1. Introduction SSS converters provide a solution to the problems
Conventional hard switching converters possedaced by converter topologies [11-13]. An improved
increased size, weight, increased switching lossegersion of boost PWM SSS converter with low
and electromagnetic interference. The switchingvoltage and current stresses have been adopted to
devices used in DC converters with Pulse Widthovercome above drawbacks but usage of large
Modulation (PWM) control can be gated to number of passive components make the converter
synthesize desired shape of output voltage or vutpumplementation difficult [14]. The operation and
current at turn on and turn off conditions of switc properties of ZCT-PWM were compared with other
However the devices were turned on and off at &onverter topologies and discussed in [15]. A
load current with high di/dt value. The switchessystematic approach to developing soft switching
were subjected to a high voltage stress and thBWM converters based on synchronous switch is
switching power loss of device increases linearlypresented in [16]. A novel method is applied to
with the switching frequency. The turn on and turnisolated converters topologies this method provide
off loss could be a significant part of the totalyger ~ soft switching condition for all the switching
loss. In order to solve the above issues sofelements [18]. A novel family of pulse width
switching converters are the need of the hour. modulation soft single switched DC-DC converter
In recent years many research work werewithout high voltage and current stresses is been
carried out in modernizing soft switching topolagie described.
in DC-DC converters. Soft switching converters are
easy to control the output voltage to desired2. Soft switching
magnitude by Pulse Width Modulation (PWM) The switching techniques in the resonant
technique. Among the converter topologies quastconverter employ zero voltage switching and/or
resonant converter topologies does not have extraero current switching. In zero current switching,
switches to obtain soft switching conditions. Theythe device turns-on with zero current and turns off
have major drawback of variation of the switchingafter the current drops to zero. In zero voltage
frequency [1]. The complexity of power and control switching, the switch turns-off at zero voltage and
circuit was increasing under zero voltage transitio turns-on after the device voltage drops to zero.
and zero Figure 1 illustrates the ZVS and ZCS switching
Current transition constituting PWM based trajectory. In the ZVS converters, the voltage asro
control by usage of two switches to achieve sofithe device is brought to zero by external mearss, ju
switching [3-10]. The analysis and experimentalprior to turn-on, thus eliminating the turn-on less
results of a buck quadratic PWM soft switching During the turn-off process, the rate of voltage
converter and improved Boost PWM soft singleraise is limited by external means (by a capaditor
switched converter with single switch were shunt with the main switch), so that the device
presented in [10-12] but voltage stresses andmurre current falls to zero before the voltage raises
stresses is more vulnerable in switches. PWM basesubstantially i.e. assisted turn-off.
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In the ZCS converters, the current through the A resonant switch is a sub-circuit comprising a
device is brought to zero by external means, jussemiconductor switcl® and resonant elements,
prior to turn-off. Thus the turn-off losses as waedl and C,. The switchS can be implemented by a
the voltage spikes due to stray inductance ar#ytota unidirectional or bidirectional switch, which
eliminated. During the turn-on process, the currentletermines the operation mode of the resonant
raise is slowed down by external means (by arswitch. Two types of resonant switches, including
inductor in series with the main switch), so tha t zero-current (ZC) resonant switch and zero-voltage
device voltage falls to zero before the current(ZV) resonant switches, are shown in Figure 2 and

becomes appreciable i.e. assisted turn-on. Figure 3, respectively.
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Figure 2. Zero-current (ZC) resonant switch
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Figure 3. Zero-voltage (ZV) resonant switch

3. Soft switching PWM converters Soft switching PWM converters can be
The soft switching PWM converter is defined classified as follows:

here as the combination of converter topologies and 1. ZVS PWM converters

switching strategies that result in zero-voltage 2.ZCS PWM converters

and/or zero-current switching. They are called also 3. ZVS ZCS PWM converters

pseudo-resonant, quasi-resonant, resonant tramsitio

clamped voltage topologies and other. In these3.1. ZVSPWM converters

converters the resonant transition is employed only ~ The simplest ZVS PWM full bridge converter

during a short switching interval. The outputis shown in Figure 4. The converter snubbers

voltage is usually controlled by PWM with constant consist of capacitances;€C, and inductance d.

switching frequency. which are represented by transistor and diode outpu
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The transistors (MOSFETs or IGBTs) in T, a3
leading or lagging leg are turned-on while their -

respective anti-parallel diodes conduct. Since the F|gure6 Switch (transistor MOSFET @nd its body

transistor voltage is zero during the entire tumn-o diode D) voltage Ws,and currentjduring turn-on and

transition, switching loss does not occur at tumn-o
By utilizing small snubber capacitors<C, the

turn-off (lagging leg)

turn-off losses are sufficiently reduced. If the At light load, the leakage inductance energy is
transistor turn-off time is sufficiently fast, thehe  not sufficient to ensure zero-voltage switching in
transistor is switched fully off before the collect the lagging leg of the converter. This critical doa
voltage rises significantly above zero, and thuscondition is also a function of the line condition.
negligible turn-off switching loss is incurred. The The worst case is high input voltage when more
ZVS converter exhibits low primary-side switching capacitive energy is required. Another considenatio
loss and generated EMI. However, conductionis the delay time from the turn-off, Tintil the turn-
losses are increased with respect to an ideal hamh of T, and vice versa. If the delay time td is too

switching PWM full bridge topology. Figure 5 and short, then the device capacitance may not be fully

Figure 6 show voltage current relationship duringdischarged. However, if the delay timg is too

ZV'S process.
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Figure 5. Switch (transistor MOSFET, @nd its body

diode D) voltage WYs; and currentd; during turn-on and
turn-off (leading leg)

long, the capacitor voltage will peak, continue to
resonate and drop. Fortunately, the time of peak
charge is relative independent of the input voltage
and load condition and is equal to one quarter of
L,C time constant.

The secondary-side diodes switch at zero
current. This leads to switching losses and ringing
as a result of interaction of diodes capacitandé wi
the leakage inductance of the transformer.
Additional snubber circuitry is usually requiredr f
prevention of excessive diode voltage stress. To
remove the above-mentioned disadvantages a lot of
derivations of the ZVS PWM converters were
developed. The penalty for the improvement is
usually higher complexity of the converter

topology.

3.2. ZCSPWM converters

The ZCS PWM converters can be derived from
the ZVS PWM converters by applying the duality
principle. The transformer leakage inductance, the
rectifier’'s  junction capacitances, and the
transformer winding capacitances can be utilized in
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this circuit. Similar to the FB-ZVS-PWM

converter, the FB—ZCS-PWM converter also uses
phase-shift control at constant switching frequency
The
reverse-voltage blocking
capability. The switch can be implemented by an

to achieve required converter
switches must have

operation.

IGBT or a MOSFET in series with a reverse
blocking diode, an IGBT with reverse-voltage
blocking capability, a MCT, or a GTO. An

important advantage of the circuit is that the

rectifier diodes do not suffer from reverse recgver

problem since they commutate with zero-voltage
switching. Figure 7 shows Full bridge ZCS Pulse

width Modulation Circuit whereas Figure 8, Figure

9 and Figure 10 show the corresponding turn-on

turn-off operations.
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2 T/ al i The Table 1 shows comparison of various
i w ! ; [ e parameters for two configurations FB-ZVS-PWM
o ____—~:——___1 ir—f*r————] and FB-ZCS-PWM.
t
L———_____—— : , L—- Table 1. Some dual characteristics of the FB-ZVSMPW
ot Bt Lty L iy converter and FB-ZCS-PWM converter
Figure 8. Idealized waveforms of the FB-ZCS-PWM FB-ZVS FB-ZCS
converter PWM PWM
) ) Topology type Buck type Boost Type
This feature makes the converter attractive for Switching conditions | Zero voltage| Zero current
applications with high output voltage e.g. power for active switches switching switching
factor correction circuits, where the rectifiersfeu Switching conditions | Zero current| Zero voltage
from severe reverse-recovery problems whep  for rectifiers switching switching
conventional PWM, ZVS-QRC, or _Z\_/S—PWM Soft SNltthng easy to Heavy load Light Load
converter techniques are used. The efficiency ef th achieve at - R
converter drops significantly at low line and heavy |mplementation of Diode in Diode in
load since the switches begin to lose zero current active switches parallel with | series with
transistor transistor

switching.
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3.3. Zero-voltage zer o-current switching PWM shown in Figure 12. ZVS of the leading leg is
converters achieved by the same manner as that of the ZVS
The operating frequency of IGBTs is normally full-bridge PWM converter, while the ZCS of the
limited to 20-30 kHz because of their current tagjli  lagging leg is achieved by resetting the primary
problem. To operate IGBTs at higher switchingcurrent during freewheeling period by using active
frequencies, it is required to reduce the turn-offclamp in the secondary side, which needs an
switching losses. ZVS with substantial externaladditional active switch. Oscillogram of the
capacitor or ZCS can be a solution. The ZCScollector-emitter voltage d£, and collector current
however, is deemed more effective since thdcg, in the lagging leg at turn-on and turn-off. The
minority carriers are swept out before turning off.  transistor is turned-on at zero voltage and tumféd-
The zero-voltage zero-current switching at zero current. The circulating current does not
(2zvZCS) PWM converters are derived from the occur, only negligible magnetizing current flows
full-bridge phase-shifted zero-voltage (FB-PS-ZVS)during freewheeling interval through primary
PWM converters. The PS-ZVS-PWM converter iswinding of transformer. This combination of
often used in many applications because thiswitching is very effective for IGBT transistors,
topology permits all switching devices to operatewhich have problems at turn-off due to tail current
under zero-voltage switching by using circuit effect. The converter is operating very well at
parasitic such a transformer leakage inductance anmabminal load, but it is not capable operating over
devices junction capacitance. wide load range (from no-load conditions to short
However, because of phase-shifted PWMocircuit) with zero-voltage or zero-current switcgin
control, the converter has a disadvantage thator all power switches.
circulating current flows through a transformer and

switching devices during freewheeling intervals. - J i L
. . . Dy ¥ D, T;
The circulating current is a sum of the reflected —K & = AT
output current and transformer primary magnetizing 5 o ‘
current. Due to circulating current, RMS current v 1 s L
stresses of the transformer and switching device: T;-|/D+E.A. e l £ Dy (| T
are still high compared with that of the convengion ¢ ] D, D i r

hard-switching PWM full-bridge converter. To

decrease the circulating current to zero and thus t -“‘—;'T """" o l *
achieve zero-current switching for lagging leg, udl; bl X G hl
various snubbers and/or clamps connected mostly G = 1] T e
secondary side of transformer are applied. Sui:‘ °
. Figure 12. ZVZCS DC-DC PWM converter
T o] |c S . . . .
X = ” 5 J— The auxiliary transformer TRis the main part
h e of the auxiliary circuits in thIS' converter. Th_e
U s transformer TR should have considerably large air-
. .Jo.] e RARA | b, L T gap to ensure sufficiently high magnetizing current
—|ﬁ X T o | g K A Im2 and at the same time to prevent core saturation.
= o } Yl r The saw-tooth magnetizing currenp lensures the
el ——o zero-voltage turn-off of the transistors, T, not
Isme L'E ., only at light load but also at no-load conditions.
I F R 4 Simultaneously, charging or discharging of the
I_v'si'c_,' - a capacitors ¢ C, by magnetizing current,i avoids

Figure 11. Principle of the ZVZCS converter opemati  high current spikes at transistors, T, turn-on at
light load and no-load.

Hence, the converter achieves nearly zero- In order not to lose the zero-current turn-off of
current switching for the lagging leg (transistdgs  the transistors JI T; at short circuit, it is necessary
Ts) due to minimized circulating current during to charge up the capacitog @ the rated value of
interval of lagging leg transition and achievesozer the voltage. The capacitors €Can be charged from
voltage switching for leading leg (transistorsahd  the rectifier GB, which is connected to the
T3). An example of ZVZCS PWM converter is secondary winding of the auxiliary transformer,IR
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Figure 13. Improved ZVZCS DC-DC PWM converter

Soft switching and reduction of circulating 4. Simulation results
currents for full load range are achieved in this4.1. Proposed circuit diagram
converter. The converter is especially suited for  The PWM controlled soft single switched boost
application where short circuit and no-load areconverter circuit diagram as shown in the Figure 14
normal states of the converter operation, e.g. arft is used for less DC voltages to high DC voltages
welding. Figure 11 and Figure 13 shows the twowith minimum switching loss and less voltage
versions of combination of ZVS and ZCS stress.
configurations.

T 1 o
==

e ] O
1 1

Figure 14. Proposed circuit diagram

Figure 16 shows the input voltage and Figure  Figure 15 shows the output voltage and Figure
17 shows the gate pulse andsWoltage across 19 shows the comparison graph between inpjt (v
switch whereas figure 18 shows output current. output voltage.

Figure 15. Output voltage
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Figure 16. Input DC voltage

Figure 17. Switching pulse (ii) corresponding vgiaacross the switch

Figure 18. Output current

1 | { 1 | [ 4.2. Voltage stress
S It it it Attt et = Figures 20 and 22 shows the conventional and
e e e proposed boost circuit diagrams. Figures 21 and 23
| IR S D g S shows the gate pulse and switch voltage for
g A S A S R R conventional and proposed circuit diagram. From
N R S H N R Figure 21 conventional circuit has high voltage
ol L”L”L”jﬂﬂi””i 77777 stress and no ZVS switching. From Figures 21 and
. ; ; ; ; ; ; 23 it is seen that proposed circuit reduces the

' vt voltage stress.
Figure 19. Comparison of input vs. output voltage
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Figure 21. Gate pulse and.woltage
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Figure 22. Proposéd circuit diagram
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4.3. Open loop system after 0.4 sec 10% voltage should be raised. The
Figure 24 shows the open loop system circuitoutput voltage changes with respect to input
diagram. In this circuit initially 50Volts is appli  voltage. It is shown in Figures 25 and 26.
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Figure 24. Open loop circuit diagram

Figure 25. Input voltage with disturbance

Figure 26. Output voltage with disturbance

4.4. Closed loop system K; gains based on the error signals. It is compared

Closed loop system is used to control thewith one triangle carrier signal. It generates aNPW
output voltage. The output voltage is compared withpulse. It is given to MOSFET thus PWM pulse is
set value. Commparator gives the differencegenerated. It is control the output voltage. Figkife
batween two signals it is called as error. Errgnal  shows the closed loop system and Figure 28 shows
is given to PI controller. PI controller adjust &nd  the regulated output voltage with disturbance.

50



RECENT, Vol. 15, no. 1(41), March, 2014

a | Cofhdhn i

Lt l :l—] Diode |
N [
L
Scope
0
e T I o L LW%:U o N
= ' T ot
im Wmtr ;
Rl B . T Dizplay
i Diodez —
g ﬁ jode
g
14
ain
_K_}‘
Fl
Ot 1 In1 j—— | Pl
Fulse1 Set point

105

Figure 27. Closed loop circuit diagram

Figure 28. Output voltage with disturbance

From the Table 2 it is infered that our proposedReferences
boost converter reduces the percentage of volta¢l. Lee, J.-Y., Moon, G.-W., Park, H.-J., Youn, M.{2000)

regulation compared to conventional closed looy

boost converter.

Integrated ZCS quasi resonant power factor correction
converter based on fly back topology. IEEE Trans. Power
Electron., ISSN 0885-8993, vol. 15, no. 4 (Jul. @0(.
634-643, doi: 10.1109/63.849033

Table 2. The comparison of conventional and progpose 2. Amini, M.R., Farzanehfard, H. (2008pvel family of PWM
closed loop boost converters

soft-single-switched DC-DC converters with coupled

inductors. IEEE Trans. Ind. Electron., ISSN 0278-0046,
vol. 56, no. 6 (June 2009), p. 2108-2114, doi:

10.1109/TIE.2009.2016509
3. Lee, S.-S., Moon, G.-W. (200&ull ZvVSrange transient
current buildup halfbridge converter with different ZVS

Output Voltage
Converter type voltage regulation
Conventional closed loop 114.5 9.5%
converter
Proposed closed loop 105.1 0.1%
converter

operations to load variation. IEEE Trans. Ind. Electron.,
ISSN 0278-0046, vol. 55, no. 6 (Jun. 2008), p. 285%9,

doi: 10.1109/TIE.2008.921239

51



RECENT, Vol. 15, no.

1(41), March, 2014

4. Adib, E., Farzanehfard, H. (2008pamily of zero-current

transition PWM Converters. IEEE Trans. Ind. Electron.,
ISSN 0278-0046, vol. 55, no. 8 (Aug. 2008), p. 33663,
doi: 10.1109/TIE.2008.922597

. Russi, J.L., da Silva Martins, M.L., Schuch, Pinheiro,

J.R., Hey, H.L. (2007%ynthesis methodology for multipole
ZVT converters. |IEEE Trans. Ind. Electron., ISSN 0278-
0046, vol. 54, no. 3 (Mar. 2007), p. 1783-1795,: doi
10.1109/TIE.2007.895144

6. Adib, E., Farzanehfard, H. (200Bamily of isolated zero-

voltage transition PWM converters. IET Power Electronics,
ISSN 1755-4535, vol. 1, no. 1 (Mar. 2008), p. 148.1doi:
10.1049/iet-pel:20070125

7. Wu, T.-F., Lai, Y.-S., Hung, J.-C., Chen, Y.-M0O(B) Boost
converter with coupled inductors and buck-boost type of

active clamp. IEEE Trans. Ind. Electron., ISSN 0278-0046,

vol. 55, no. 1 (Jan. 2008), p. 154-162,

doi:

10.1109/TIE.2007.903925

8. Wu, X., Zhang, J., Ye, X., Qian, Z. (2008halysis and

derivations for a family ZVS converter based on a new
active clamp ZVS cell. IEEE Trans. Ind. Electron., ISSN
0278-0046, vol. 55, no. 2 (Feb. 2008), p. 699-7d6i;
10.1109/TIE.2007.907675

9. Lee, J.-J., Kwon, J.-M., Kim, E.-H., Kwon, B.-R008)

Dual Series resonant active-clamp converter. IEEE Trans.
Ind. Electron., ISSN 0278-0046, vol. 55, no. 2 (F2h08),
p. 699-710, doi: 10.1109/TIE.2007.911912

10. dos Reis Barbosa, L., Vieira, J.B., de Freitas,,lda Silva

Vilela, M., Farias, V.J. (1999 buck quadratic PWWM soft-
switching converter using a single active switch. IEEE
Trans. Power Electron., ISSN 0885-8993, vol. 14, 30
(May 1999), p. 445-453, doi: 10.1109/63.761688

11. da Silva, E.S., dos Reis Barbosa, L., Vieira, 28 Freitas,

L.C., Farias, V.J. (2001An improved boost PWM soft-
single switched converter with low voltage and current

stresses. |[EEE Trans. Ind. Electron., ISSN 0278-0046, vol.

48, no. 6 (Dec. 2001), p. 1174-1179, doi: 10.110989396

12.

14.

15.

16.

17.

18.

Chung, J.-K., Cho, G.-H. (2008)new soft recovery PWM
quasi-resonant converter with a folding snubber network.
IEEE Trans. Ind. Electron., ISSN 0278-0046, vol. 48. 2
(Apr. 2002), p. 456-461, doi: 10.1109/41.993279

. da Silva, E.S., Alves Coelho, E.A., de Freita§.,., Vieira,

J.B., Farias, V.J. (2004A soft-single-switched forward
converter with low stresses and two derived structures.
IEEE Trans. Power Electron., ISSN 0885-8993, v@|.nb. 2
(Mar. 2004), p. 388-395, doi: 10.1109/TPEL.20032213
Kwon, J.-M., Choi, W.-Y., Kwon, B.-H. (2008fost-
effective boost converter with reverse-recovery reduction
and power factor correction. IEEE Trans. Ind. Electron.,
ISSN 0278-0046, vol. 55, no. 1 (Jan. 2008), p. 473;
doi: 10.1109/TIE.2007.896526

Fujiwara, K., Nomura, H. (1999 novel lossless passive
snubber for soft-switching boost-type converters. |IEEE
Trans. Power Electron., ISSN 0885-8993, vol. 14, &0
(Nov. 1999), p. 1065-1069, doi: 10.1109/63.803400
Das, P., Moschopoulos, G. (200¥xomparative study of
zero-current transition PWM converters. IEEE Trans. Ind.
Electron., ISSN 0278-0046, vol. 54, no. 3 (Mar. 200.
1319-1328, doi: 10.1109/TIE.2007.891663

Wu, T.-F., Liang, S.-A. (2001) A systemagipproach to
developing single stage soft switching PWM convsrte
IEEE Trans. Power ElectrgiSSN 0885-8993, vol. 16, no.
5 (Sep. 2001), p. 581-593, doi: 10.1109/63.949491
Mohan, N., Undeland, T.M., Robbins, W.P. (20B8yver
Electronics Wiley, 3rd ed., ISBN: 978-0-471-22693-2, p.
682-690, New York, 2003

Received in January 2014
(and revised form in February 2014)

52



