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Abstract
This paper presents an analysis of the regeneratiorero-voltage-switching converter with resonant
inductor, quasi-resonant converters, and full-bgidero-voltage-switched PWM Converter. The desi§nao
clamping circuit considering a saturable resonadtictor is presented and compared with the dedignctamping
circuit with a linear resonant inductor. A diode debwith reverse recovery is employed to simulhtedffects.
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1. Introduction

The zero-voltage-switching quasi-resonant convertgvS-QRCs) are appropriate to operate at switchin
frequencies of the several MHz, due to the redussitiching losses. However, their practical appias are
limited because of the following limitations.

- High voltage stress on the Mosfet,
- Dissipative "mutation at light load,
- High frequency range to regulate the output ggta

Those difficulties arise because the energy storesl linear inductor is proportional to the squafehe
load current. The situation is different when time&r inductor is replaced by a saturable inductor.

The full-bridge zero-voltage-switched PWM conver{@&BZVS- PWM) achieves ZVS by using the
resonant inductor energy tliischarge the output capacitancetaf power switches, the load range under which ZVS
is maintained is strongly dependent on the resomalitctance. For some applications whasle sensitive to light
load efficiency, a considerably large resonant atduwill be required to ensure ZVS at light lo&xie to this large
resonant inductor, the FB-ZVS-PWMonverter operatesvith high circulating energy, which increases the
conduction lossesand current and voltagaress of the switches In both converters, the linear masb inductor
interacts with the diode junction capacitancessit@ysevere parasitic oscillations, and increasiwigching loss
and switching noise. Aimple technique to overcome the above-mentionedaviolicks of the ZVS-QRCs was
presented and extended to FB-ZVS-PWMconsists of replacing the linear resonant indudiy a saturable
resonant inductor.

The operation of the ZVS-QRCs with a saturable atoluis fully describedand the operation of the FB-
ZVSPWM with a saturablanductor is fully described.

The saturable inductor hiasen successfully applied to ZVS QRCs and to B&W¥S-PWM converter to
improve their performance. It is shown in this paghat the employment of a saturable inductmreduce parasitic
oscillation between the diode junction capacitaacd the resonant inductor. This parasitic osailtails reduced,
since the resonant inductor gets saturated, wheditide junction capacitance starts to resonatt itvit

Acomplete analysis and design of a clamping ciromitsidering, a saturable resonant inductor is plexi

2. Rectifier Diode Reverse Recovery with A Linear Resonant Inductor

The one switching loss that both FB-ZVS-PWM corgeend ZVS-QRC do not avoid is the charging loss
that results fronthe rectifier diode capacitance. Losses proportitna/2C\? appear.

FB-ZVS-PWM converter with high voltage and powerdkerequires special attention to parasitic tteat
affect its operation.

The ZVS converters use a resonant indufltoy to achieve ZVS for the switches. The size of thauator
is determined by the load and input voltage ranggeu which ZVS in maintained. Treduce the switching losses
for a wide load and input voltage range, a larg®mant inductance is required. However, for largiess of Lr,the
ringing frequency is low, causing higher diode &gt stresshigher snubber losses, and higher switching noise.

In the FB-ZVS-PWM the ringing across the rectifinde is affected byhe resonant inductance, the
winding capacitance and the rectifier diode chanéstics. This ringing across the rectifecurswhen the voltage
rises in the secondary of the transformer, andekenant inductance rings with the diode rectifigpacitance and
the winding capacitances. Even though fast recovetyifiers are employed, the diode reverse regowan
produce peak voltages higher than thieees the voltagepplied to the secondary.
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The ringing has to be snubbed, but the use of arsR@®ber in parallel with the rectifier diode would
introduce large losses since the ringing frequaadgss than 10 times the switching frequerfcydue the larger
value of Lr.

3. Rectifier Diode Reverse Recovery with A Saturable Resonant Inductor

It is shown that the incorporation of a saturahbuictor to ZVS-QRCs and to the FB-ZVS-PWidnverter
results in a significant improvement in their penfiance.

The employment of a saturable resonant inductor regluce parasitic oscillations between the diode
junction capacitance and the resonant inductor.WWhe linear resonant inductor is employed, theddijunction
capacitance starts to resonate with the inductbgnathe diode suffers from a prompt reverse veltdde large
resonant inductance produces low ringing frequehay increases the rectifier voltage stress antchimg noise .
Replacing the linear resonant inductor by a resbmatuctor gets saturated, when the diode junctiapacitance
starts to resonant with it. The inductance versuseat curve of a typical saturable inductor iswhdn fig (1),
where la is the critical saturable current.
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Fig 1. Inductor vs current of a saturable inductor

4. Simulation Results

In order to verify the results predicted theordhcasimulations have been done. A diode modelhwit
reverse recovery, is necessary to obtain accuiratdation results to verify its behavior. The diotedel employed
is fully described. Some parameters are neededikw this model. A MURI530 (Motorola) fast recovemectifier is
tested in the laboratory and its reverse recoveryecobtained, is shown in Fig 2. The parametecesgary to build
diode model are taken from Fig. 2.

In the Fig. 3 is shown the Buck-ZVS-QRC used in simaulations. Fig. 4(a) shows its simulation result
with a linear resonant inductor, and Fig. 4(b) vétkaturable resonant inductor. The saturable toducmodel
employed, in these simulations, is the Jiles-Athrernodel.

The parameters usédthe simulations are dsllows:

Vi=40V, Cr=27nF, Iz 10A

Lr = 6 uH (linear inductor)

Lo = 6 uH and la=4A (saturable inductor)
D, = MURI530 diode model.

Fig. 2 Reverse recovery a a MUR1530 fast recovectifrer
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Fig. 3 Buck-ZVS-QRC
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Fig. 4 Simulated reverse recovery of a MUR 1538 Buck-ZVS-QRC with: a). a linear resonant indugctor
b). a saturable resonant inductor

It can be seefrom the simulations that the parasitic oscillaicare reduced, when a saturable resonant
inductor is presenin the circuit This reduction is due to the satiaratof the resonant inductor when the reverse
recovery occurs, and it has a much reduced resamdunttance. However, its reverse current is lgrgecause it is
function of di/dt (dit/dt= Vi / Lr). In addition, the peak reverse voltage across ttiffiex diode is greater.

5. Designing The Clamping Circuit with A Linear Resonant Inductor

A scheme has been proposed that clamps the maxjmeafivoltage of the ringing and returns part of the
energy to the output or input. The design of ttanging circuit is based on balancing the chargesfeared to the
clamping capacitor, Cc, with the charge retuneth&output (or input) or the charge dissipated @y iR order to
maintain the voltage across Cc constant.

This design procedure was developeddduck-ZVS-QRC, but it is also valid for the HB-ZMERC and
FB-ZVS-PWM converter, since that the circuit getferred to secondary of the transformer . Buck-Z¥SE with
the clamping circuit is shown in Fig. 5.
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Fig. 5 Buck-ZVS-QRC with the clamping circuit

Figure6 shows the incremental model and waveforms for ¢hgrgf the rectifier junction capacitance,
after adding the clamping circuit. The capacitothe rectifier junction capacitance to the Buck-Z@8C, HB-
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ZVS-QRC and FB-ZVSPWM converter with a half-bridgectifier in the secondary side. It is the parallel
combination of the two rectifier junction capacitas, to the HB-ZVS-QRC and FB-ZVS-PWM converterhwat
full-bridge rectifier in the secondary side. Thduator is the resonant inductance or the resonalictance plus the
transformer's leakage inductance, and the resiBor represents the losses throughout the cir@apacitor Cc,
must be large enough to be approximated by a catnetétage source, Vcp.

The rectifier diode capacitor is nonlinear. It eariinversely with the square root of its voltafye the
design of the clamping circuit is assumed a lineatifier diode capacitor.

C
—— -

i)
Fig. 6 Incremental model and waveforms for chargifithe rectifier capacitance with clamping circaditded

The energy that flows into this clamping circcétn be calculated as follows. Definingas the angle of the
oscillation cycle from when the capacitor voltagesges through Vi, until the capacitor voltage readhe clamp
voltage, Vcp, then

Sina =(Vep-Vi)/Vi =u 1)
where uis a correction factor, so

a = arcsin (u) (2
The inductor current at the end of this period is

I(a) = (Vi cosa)/N(Lr/C) = (Vi N(1-tF) /N( Lr/C) (3)
This Current decreases linearly with time, untikiaches zero. The duration of the clamping agsion

At=(Lr | @)/ (Vcp — Vi) (4)
and the energy flowing into the clamping circuitherefore

Ecp=[ I(a). Vep.At]/2 = {{Lr 12 (a)}/ 2} {(1+u)/u} (5)
Substitutingl(a) in to (5), it can be rewritten

Ece = {(C. Vi?)/2 } {(1+u)?.(1-u)/ u} (6)

This expression shows that the energy deliverethéoclamping circuit equals the energy stored & th
rectifier diode capacitor times a correction factor

Not all the energy flowing into the clamping circunust be lost. If the clamping circuit energy is

discharged to the output (or input), then only & pathe clamping circuit energy is lost. The risstielivered to the
output (or input).
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The Power flowing into the Clamping Circuit

Pcp = Ecpf (7)

The Resistor of the Clamping Circuit
a) If all the power flowing must be lost.
Re = (Vep’ / Pep) 8)

b) If a part of the power flowing isrecovered to a voltage source V.
The voltage source, \¢anbe the input voltage or the output voltage.

Rc ={Vep(Vep -V} / Pep 9)
The loss in th&R: is:
PRc = (Vep -V Re (10)
The recovered power to V is:

P = {V(Vcp -V} / Re (11)

The Capacitor of the Clamping Circuit.

As the capacitor must be large enough to be apmateid by a constant voltage source, will be comsti&..Cc
=400.T, where T is the switching period, then

Cc =(400.T) / R (12)

6. Designing The Clamping Circuit with A Saturable Resonant I nductor

The main difference between the desifjthe clamping circuit with a linear inductor anith a saturable
inductor is that at the instant when the rectiflerxde reverse recovery occurs the resonant indigteaturateénd
its inductance isnuch reduced. During the rectifier diode capacigaritarging the inductor currentis lo + i, where
lo, is the output current ands the current that flows in the rectifier diodepaaitance. So, when reverse recovery
begins the saturated inductance is given by:

Lr=L (lo+1i) (13)
Applying same procedure @sed in the clamping circuit design with a lineesanant inductor, gives:
I(a) = (Vi cosa)/ V{L(lo +i)/C} = (Vi (1-tP) /V{L(lo +i)/C (14)
Duration of the Clamping Action.
dt = {L(lo +i). di} / ( Vcp —Vi) (15)
Considering the inductance represented by its mlasical expression, that is shown in (17).
L = L. sech (Ly/®y). i (16)

wheredg is the saturation flux.
So,the current and the energy flowing into the clargggircuit are given by:

I(a) = {Vi. V(1- )/ (L, /C)}. cos h {( L/Ds)(lo + I(a) )} (17)
If Vi, Ly, C, ®s and lo are known, the transcendental equatiorbearesolved to &). With I(c) determined,

Ecp is computed and the rest of the clamping circagtigh has the same procedure as applied with arlresonant
inductor.
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7. Experimental Results
Prototypes have been built and testdtie laboratory to confirm the results predictieeoretically and by

simulation.

Buck-ZVS-QRC with a Linear Resonant Inductor:

The power stage diagram is shown in.Eignd the parameters are the following:
Vi=40V, Cr=27nF, f=100kHz
Lr=6uH Q =IRF640 (International rectifier)
D, = MURI530 (Motorola), C= 200 pF at \43- 40V.

Adopting V=50V, the calculation of thensponents of the clamping circuit follows the desmoecedure
related in the section V. So, the power flowingittie clamping circuit isg = 0.75mW

T
DT e

e m———
L

T
N
e

3

TRy e I —— - =
a. b.

Fig.7 Experimental of the waveforms of the Buck Z@8C with a linear resonant inductor, a) withowutamping
circuit, b) with a clamping circuit at Ip=10A (seal voltage 20V/div, current 2A/div, Tim@&/div)

With the value of B> determined, the resistor and the capacitor ofcthmping circuit are the following
Rc=39Kk2 and G=120nF. Figure 7, shows the current and voltageefeamns of the rectifier diode, obtained
experimentally. In Fig. 7(a), is shown its wavefermithout the clamping circuit and in Fig. 7(b) lvthe clamping
circuit.
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Fig. 8 Experimental of the waveforms of the BuckSZQRC with a saturable resonant inductor, a) witlaou
clamping circuit, b) with a clamping circuit at Ip8A (scales voltage 20V/div, current 2A/div, TimasZiv)

IJPEDS Vol. 1, No. 1, September 2011 : 21 - 28



IJPEDS ISSN: 2088-8694 (28 27

Buck-ZVS-QRC with a Saturable Resonant | nductor

All parameters are the same used with the linesonant inductor, except the resonant inductorhis t
case a saturable resonant inductor is employed thtHollowing parametersbs= 37uWhb, Lo = 6uH and la=4A,
and Lr = 4 tums on E-20 ungapped core (Thorton).

Adopting Vcp = 50V, the calculation of the compotsef the clamping circuit follows the design
procedure described in the section VI. The worsecaccurs with rated current, because with thiglitiom the
inductance is saturated (minimum value). So, tlaenping circuit's design is done with rated currdiite power
flowing into the clamping circuit is &2 = 78mW. As the value of 8 is close to the value found with a linear
inductor, the values of the resistor and the capaare the same.

Current and voltage waveforms of the rectifier éiate shown in Fig. 8. Fig. 8(a) shows its wave®rm
without a clamping circuit and Fig. 8(b) with thlammping circuit. As can be seen in Fig. 7 and 8, ¢brrent and
voltage waveforms obtained experimentally agreé tie design done in the previous section.

8. Conclusion

An analysis of the effects of the saturable inducto the reverse recovery of the rectifying diod&ZdS
converters is presented. The clamping circuit witltnear inductor is shown and compared with theigteof the
clamping circuit with a linear inductor. The expeental results obtained agree with the predictedrgtically. It
can be affirmed that the energy flowing into thanaping circuit is practically the same in both cadeecause this
energy proceeds from the diode junction capacitahle saturation of the resonant inductor resulis substantial
reduction of the parasitic oscillations. Howevéie peak current and the peak voltage during thersevrecovery
are larger than the case with a linear inductor.
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