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ABSTRACT

High frequency switched-mode DC-DC converters aigely used in industry
such as battery charging, renewable energy, fukl-pewer factor correction,

LED lighting applications, due to their low resmantime, easy controlling and
high power density. However, at high switching @recy, switching losses,
electromagnetic interference (EMI) and lower e#firctly become substantial
problem. These problems must be eliminated or mdlday using additional

passive and active snubber cells in order to opertite converter with soft
switching (SS) instead of hard switching (HS). His tpaper, properties of soft
switching methods named as zero voltage trans{E®), zero current transition
(ZCT), and zero voltage zero current transition ZOT) developed by combining
the ZVT and ZCT, zero voltage switching (ZVS) and zurrent switching (ZCS)
are studied and discussed, simulations of softctmigg DC to DC boost
converters including these methods are accomplighe800W and 1kW power at
switching frequency of 100 kHz.
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Yuksek frekansli anahtarlamali DC-DC détiiitictler, kontrol kolaygi, suratli
tepki verme ve yuksek gucgualusu avantajlari nedeniyle endistride; batarya
sarj istasyonlari, yenilenebilir enerji sistemlegakit pili, gu¢ faktort dizeltme,
LED aydinlatma, gibi uygulamalarda yaygin olarakll&oiimaktadir. Ancak,
anahtarlamali DC-DC dongilrtculerde anahtarlama frekansi arttikgca guc
yogunlugunun daha da artmasinagmen anahtarlama kayiplari, elektromanyetik
girisim (Electromagnetic Interference-EMI) gurultiler diytk verim sorunlari
ortaya ¢cikmaktadir. Bu sorunlarin tstesinden; ddaticinin sert anahtarlama
(Hard Switching-HS) ile caftiriimasi yerine, dongdrtciye pasif ve aktif
bastirma hucreleri ilave edilerek dggtiricinin yumgak anahtarlama (Soft
Switching-SS) ile cafiiriimasiyla gelinebilmektedir. Bu camada, literatiirde
yumuyak anahtarlama teknikleri olarak yer alan; sifiriatda gegi (Zero Current
Transition-ZCT) ve sifir gerilimde ge&ci(Zero Voltage Transition-ZVT)
tekniklerinin birlgtirilmesiyle geltirilen sifir gerilim ve akimda gegi(Zero
Voltage Zero Current Transition-ZVZCT) tekinile sifir akimda anahtarlama
(Zero Current Switching-ZCS) ve sifir gerilimde htalama (Zero Voltage
Switching-ZVS) tekniklerini iceren aktif bastirmécheli DC-DC donigttriculer
incelenmg, 500W-1kW guclerinde ve 100 kHz anahtarlama frekada yukseltici
DC-DC donigturaculerin simulasyonlari yapilgtir.

Keywords: Switched-mode DC-DC Converters, Hard Switching (HS{ft

Switching (SS), Zero Current Switching (ZCS), Z€aoltage Switching (ZVS),
Zero Voltage Transition (ZVT), Zero Current Tramsit (ZCT), Zero Voltage
Zero Current Transition (ZVZCT

Anahtar Kelimeler: Anahtarlamali DC-DC Dongitruculer, Sert Anahtarlama
(HS), Yumgak Anahtarlama (SS), Sifir Akimda Anahtarlama (ZCSifir

Gerilimde Anahtarlama (ZVS), Sifir Akimda Ge@CT), Sifir Gerilimde Gegi

(2zVvT), Sifir Gerilim ve Akimda Ge¢zVZCT).
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1. INTRODUCTION

The switched-mode DC-DC converters are widely usdle industry. They
possess higher power density, faster transienonsgpare derived and sizes of
transformer, inductance and capacitor become smahlien they are operating at
high frequency. However, by increasing frequencythaf converter, switching
losses and EMI noises increase accordingly. Thezefim eliminate or reduce
switching losses, EMI noises, current and voltagesses, the converter need to
be operated with soft switching instead of hardtawng In literature, numerous
soft-switching techniques have been proposed [1-8].

The switching losses in converter occur during semductors are turning
off and on. When the semiconductors are turningtervoltage decreases and it
current increases at the same time. On the conutlaring the semiconductors are
turning off, its voltage increases and its currdatreases at the same time. In
process of turning on, losses due to dischargeatdsitic capacitor and reverse
recovery of the main diode are added to switchiogsés [1]. Zero current
switching (ZCS), zero voltage switching (ZVS), zeroltage transition (ZVT),
zero current transition (ZCT) methods are commamed for soft switching
techniques.

As seen in Figure 1; ZCS limits the rising speethefcurrent flow through the
switch in turning on process while ZVS limits theerspeed of the voltage across
switch. In turning off process, ZCT makes switchigrent down to zero for a
short time in turning off process and ZVT makestsws voltage down to zero
for a short time in turning on process.
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Figure 1. (a) Switching signal, (b) HS, (c) ZCS &\, (d) ZCT and ZVT
waveforms

The auxiliary circuits realizing soft switching tetdques are called snubber
cells. The snubber cells are divided into activgpassive snubber cells according
to whether or not additional one or more an auxilewitches are used.
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2. ACTIVE SNUBBER CELLS

The active snubber cell is used to perform ZVT &@Il, and has been
studied in the literature for about thirty yearisTsnubber cell contains one or
more an auxiliary switches to operate the maing@dwitith soft switching. In last
years, it has been improved and proposed ZVZCTniqake which obtained by
combining ZCT and ZVT techniques. In this paper,TZ\ZCT, two different
ZVZCT active snubber cells are studied, and moretwo®st DC-DC converter
including two different ZVZCT active snubber cellsalyzed and simulated
respectively.

2.1. BASIC ZCT CONVERTER

In ZCT technique, it is aimed to make the main slwiturn off when a
current flows over it is zero, due to make traositwithout losses. In the basic
ZCT converter shown in Figure 2, the snubber celconsist of an auxiliary
switch, resonant inductance and capacitor and aiiay diode. The general
features of the converter are as follows [2].

* Low voltage/current stress on the main switch andel
e Minimum circulating energy.

e Operating at wide load range.

» Fixed switching frequency.

One of the disadvantages of this converter ispta@ switch is turned on
and the main diode is turned off simultaneoushhwisS, so a short circuit occurs
at the same time. It is very difficult to realizgetavoidance of this short circuit
causing losses and EMI problems [3]. Besides, gnerghe parasitic capacitor
can not be recovered and the main diode turns dfi WS, so that reverse
recovery loss of this diode is large. The currargss of main switch increases
cost of the converter [4].
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Figure 2. The basic ZCT converter circuit [2]

As shown in Figure 3, the main switch current ibjsated to zero by the
snubber cell in Figure 2 just before the main swik in turn off position. and
after that, switching signal of the main switchrésnoved. Thus, the main switch
turns off without switching losses. In convertéie main diode turns on with ZVS
whereas an auxiliary switch turns on with ZCS. Baftthem turn off with HS [4].
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Figure 3. Switching signal of the main switch (8yitching signal of the auxiliary
switch (S), the main switch voltage €, the main switch currentdjland L
inductance current,()), the voltage of QV¢,) [2].

2.2. THE BASIC ZVT CONVERTER

In ZVT technique, it is intended to make the maaitgh turn on from turn
off state as voltage of switch is zero. As seeRigure 4, the basic ZVT converter
has a snubber cell including resonant capacitor iaddctance, an auxiliary
switch and two an auxiliary diodes connected imajp@rto the main switch. The
general features of the converter are;

* Both the main switch and diode with soft switching,
* Lowest voltage/current stress on the main switchdiade,
» Fixed switching frequency [5].
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Figure 4. The basic ZVT converter circuit [5]

The waveforms in Figure 5 show that the snubbericéligure 4 makes the
main switch turns on with ZVT, without losses amy &oltage and current stress.
Furthermore, the main switch turns off with ZVS @ycapacitor. The main diode
turns off with ZCS and turn on with ZVS by, inductance so that reverse
recovery losses of the main diode are mostly redlu@esides, the auxiliary
switch turns on with ZCS and voltage or currenestrdoes not occur in other
components of the converter other than the acckptalrrent stress on the
auxiliary switch [4,5].
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Figure 5. Switching signal of the main switch (8yitching signal of the auxiliary
switch (), the main switch voltage €, the main switch currentdjland L
inductance current()), the main diode voltage ©¥), the main diode current

(Iop), the auxiliary switch voltage @f) [5]

The disadvantages of the converter are being depéndn load, the
difficulty of the transferring of the energy storedthe inductance to the load and
switching losses caused by the auxiliary switching off with HS [6].
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2.3. ZVZCT DC-DC CONVERTER-I

The circuit in Figure 6 is designed in order to r@eene most of the
problems of the basic ZCT DC-DC converter. As seekigure 6, the snubber
cell that is connected in parallel to the main elwitconsists of a snubber
inductance L, a snubber capacitorsGnd an auxiliary switch which are
connected in serial to each other. The capacitpisGhe sum of the parasitic
capacitor of the main switch and the other pa@siéipacitors. ZVT and ZCT
properties are obtained from the basic ZCT convevithout any changing in the
circuit topology. In this converter, the main switturns on with ZVT and turns
off with ZCT and all the other semi-conductors wiran and off with soft
switching [7].
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Figure 6. The ZVZCT DC-DC converter [7]

It can be seen from Figure 7 that as the auyilewitch is in turn on
position, switching signal of the main switch isph@d so that the main switch
turns on with ZVT. At this time, the main diode risroff with ZCS and ZVS. In
this interval, there is a low voltage on the aaxifiswitch. After that, the auxiliary
switch turns on before the main switch turns offl #men the main switch turns off
with ZCT. The main diode turns on with ZVS afteethmain switch turns off.

10
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Approximate output voltage occurs on the auxilismgtch until main switch turns
on again [7].
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Figure
7. Switching signal of the main switch (S), switadpisignal of the auxiliary switch
(1), the main switch voltage g, the main switch currentdjland Lsinductance

current (Is), the auxiliary switch voltage @f) [7]
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For the converter shown in Figure 6, the mairdditurns on with
ZVS and turns off with ZCS-ZVS and is not exposeddltage and current stress
and also the other semi-conductors are not suldigot@dditional voltage stress.
Soft switching is maintained at very wide load an@he auxiliary switch turns
off with ZCT and turns on with ZCS. A small amouwidtcirculation energy gets
lost. The switching losses are not dissipated erstiubber cell, are transferred to
the load [7].

2.4, ZVZCT DC-DC CONVERTER-II

As seen in the converter of Figure 8, the snubbkérticat is connected in
parallel to the main switch includes an auxiliarjode D, the resonant
inductances L and L,, a resonant capacitors,Cand an auxiliary switch. The
capacitor G that is connected in parallel to the main switclthie sum of the
parasitic capacitor of the main switch and the offagasitic capacitors. The main
switch turns on with ZVT, turns off with ZCT andetimain diode turns on with
ZVS and off with ZCS. Thus, reverse recovery lossegshe main diode are
minimized. The main switch and diode are not subp¢o additional current or
voltage stress. The auxiliary switch turns on affdweth ZCS. The converter
decreases EMI noise and operates even at a wide cdrioad and high frequency

[8].

L¢ : Dy
m . Smibber Cell D":

Figure 8. The ZVZCT DC-DC converter [8]
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The voltage and current waveforms of the maintawithe
auxiliary switch and the main diode are shown igué 9. In turning on interval,
voltage of the main switch is reduced to zero leyshubber cell in Figure 8. The
switching signal of the main switch is applied whaltage of the switch is zero
and as its internal diode conducts. Thus, switchisges of the main switch as
turning on are eliminated. During the turning déige, the main switch current is
reduced to zero by the snubber cell. After thatdwéching signal of the main
switch is removed when its internal diode conduketghis way, the main switch
turns off without losses with ZCT [8].

13
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Figure 9. Waveforms of the semi-conductors in theverter [3]

14



Comparative Study Of Soft Switching Methods UsdaldrDC Converters

Figure 9. Switching signal of the main switch (8yitching signal of the auxiliary
switch (), the main switch currentd) the auxiliary switch current {j), the
main diode current k), the main switch voltage @, the auxiliary switch
voltage (\&;), the main diode voltage (¥) [8]

2.5. THE COMPARISON OF ACTIVE SNUBBER CELLS

A comparison of the modern soft switching techngsidied in Chapter 2
is given in Table 1. It is deduced from Table 1tttiee ZVZCT techniques are
more advantageous than the other soft switchingnigaoes mentioned in Chapter
2.

Table 1. The features of soft switching technigue8]

Basic Basic

Feature ZCT 2T ZNVZCT-1 | ZVZCT-2
The main switch’s turning HS VT VT /T
on
The main switch’s turning ZCT 2VS ZCT ZCT
off
The aux. switch’s turning 7CS 2CS 7CS 2CS
on
The aux. switch’s turning
off HS HS ZCT ZCS
The main diode’s turning
on ZNS ZVS ZNS ZNS
The main diode’s turning
off HS ZCS ZCS-ZVS ZCS
Current stress High Low No No
Voltage stress No No No Low
Operating at wide load Yes No Yes Yes
range

15
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3. SIMULATIONS

The results are obtained by performing simulatidntlee boost DC-DC
converters including the ZVZCT techniques, whichtéeed in the soft switching
techniques studied in Chapter 2.

3.1. SIMULATION OF ZzVZCT CONVERTER-I

In Figure 10, the model of a 1 kW converter opegatit 100 kHz
frequency is demonstrated. The switching signathaf auxiliary switch §is
applied before about 150 ns and removed after ab@iins regard to the turn on
signal of the main switch. Similarly, the switchisiginal of the auxiliary switch is
applied before about 300 ns and removed after aB@itns considering the turn
off signal of the main switch [7].
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Figure 10. The model of ZVZCT Converter-1 usedimudation [7]
Output voltage of the boost converter is 400 V dose of the duty cycle of

the main switch is 0.5. As seen in Figure 11, tlennswitch turns off with ZCT
and turns on with ZVT. The fall time of the mainith is 125 ns.

16
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Figure 11. Switching signal of the main switch (&yjtching signal of the
auxiliary switch (%), the main switch voltage €/'the main switch currentdjl

The waveforms of the auxiliary switch are shown Rigure 12. The

auxiliary switch turns off with ZCT and turns ontwiZCS. The fall time of the
auxiliary switch is 58 ns.

17
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ZCT ZCS

Figure 12. Switching signal of the main switch (&yjtching signal of the
auxiliary switch (%), the auxiliary switch voltage @f) the auxiliary switch
current (k)

3.2.  SIMULATION OF ZzVZCT CONVERTER-II

In Figure 13, the model of a 1 kW ZVZCT boost cameeoperates at 100
kHz frequency is shown. In simulation studies, switching signal of the
auxiliary switch $is applied before about 200 ns and removed afteutabO ns
regard to turn on signal of the main switch S. €spondingly, the switching
signal of the auxiliary switch is applied beforeoab200 ns and removed after
about 200 ns considering turn off signal of themmswitch. G is the sum of the
parasitic capacitor of the main switch and the ioffagasitic capacitors [8].

18
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Figure 13. The model of ZVZCT Converter-1l usedgimulation [8]

Output voltage of the converter is 400 V becauseudf cycle is 0.5. In
Figure 14, the waveforms show that the main switichs on with ZVT and turns
off with ZCT. The fall time of the main switch i®4s.
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Figure 14. Switching signal of the main switch (8¥jtching signal of the
auxiliary switch (%), the main switch voltage €'the main switch currentd)l
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The waveforms of the auxiliary switch are shown Rigure 15. The
auxiliary switch turns on and off with ZCS. A vastress about 1.5 times of the
output voltage occurs on the auxiliary switch. Talétime of the auxiliary switch
is 20 ns [8].

iS=u=e=ss

= Voltage stress
g - - Lo

p—

-

T

.-.-!— —

<l My ™ g i I\

SN - - - —" - L e - e 1 . - 1y
[t LR 108 SFT I 182 RIS gTT T

T

Figure 15. Switching signal of the main switch (&yjtching signal of the
auxiliary switch (%), the auxiliary switch voltage @f) the auxiliary switch
current ()

In Figure 16, waveforms of the main diode are sholite main diode turns
on with ZVS, and it turns off with ZCS.
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Figure 16. Switching signal of the main switch (8¥jtching signal of the
auxiliary switch (%), the main diode voltage (), the main diode currents{)

4. CONCLUSION

Although size of the circuit elements become smahlben the
converter operates at high frequencies, power soasel EMI noises increase.
Many techniques have been developed that allowertens to operate with soft
switching in order to solve this problem. In this paper, zero voltage transition
(ZVT), zero current transition (ZCT), and zero waglé zero current transition
(ZVZCT) that is developed by combining the ZVT ad@€T soft switching
methods are studied. According to the results efdbmparison in Table 1, the
ZVZCT converters have many advantages so that tmellaions of these
converters are implemented.

In simulation of the first converter the main swititirns on with ZVT and
turns off with ZCT, the auxiliary switch turns onitiv ZCS and turns off with
ZCT. As seen in simulation of the second convetlter main switch turns on with
ZVT and turns off with ZCT and a voltage stressuhb5 times of the output
voltage occurs on the auxiliary switch. The maiodéi turns off with ZCS and
turns on with ZVS.

In both converters there is no extra voltage orenirstress except for the
acceptable voltage stress of the second converter.

21
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