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Abstract - A comparison study was conducted to with turn-on of the MOSFET switch. Zero voltage soft-
characterize the loss mechanisms, component stressesswitching techniques have also been used with IGBTs with
and overall efficiencies of a group of voltage-mode soft- improved performance [4,13,14].
switching PWM methods including two newly developed In this paper, a group of voltage-mode soft-switching
methods. All soft-switching methods in the selected group converters utilizing an auxiliary switch with an inductor were
allow zero voltage turn-on and turn-off of the main selected to do an efficiency comparison. These methods
switch and utilize a single auxiliary switch with some intend to improve the PWM efficiency by allowing the main
resonant components. Advantages and disadvantages areswitch to be turned on and off with zero voltage and
identified for each method. Experimental verification for  controlling the diode's turn-off transient. Even though the
each soft-switching method are provided. It was found losses in the main switch are dramatically reduced, the
that not all the existing methods improved efficiency over auxiliary circuits will add some additional losses to the
most of the load range, but only those methods that softly converter. Therefore, to improve the overall efficiency of the
switch the auxiliary switch, minimumize redirection converter, the losses in the auxiliary circuit must be smaller
current, and recover the auxiliary circuit energy. than the energy savings from the soft-switching of the main
switch. Identification of the these losses within the auxiliary
circuit are crucial to engineering applications. It is the aim of
I. INTRODUCTION this paper to compare these soft-switching technigues

High frequency operation of PWM converters allo ncluding the two improv_ement circuits developed at UCI.
reduction of the size and weight of their magneti he advantages and disadvantages of each method are

components. However, at high switching frequenc;}(,jentiﬁed and verified through experimental tests. The

switching losses and EMI emissions become significant ar%{er"?‘" eﬁ!C|ency of the me_thods are. eX?‘m'”ed with the
must be reduced. Take the PWM boost converter as %%ngderatl_o_n of the con_ducfuon_and SW'.tCh'ng Iosse_s present
example. The diode's passive switching characteristics caL'J%ethe auxiliary and main circuit. = Section Il describes the

large power spikes in the main switch during the turn-on a neral theory behind the compared techniques. Section llI
turn-off intervals by forcing the main switch to have escribes the five different methods. Section IV discusses the

perimental setup and procedure. Section V shows the

simultaneous non-zero current and voltage [15E.X . al . d tion VI ai
Furthermore, because of the reverse recovery of the dio erimental comparison and section Vi gives a summary.

during the main switch turn-on interval, there is a shoqt, GENERAL APPROACH OF VOLTAGE-MODE
through of the output capacitor to ground, causing a SOFT-SWITCHING WITH AN AUXILIARY
substantial current spike through the diode and main switch. SWITCH

Another loss element associated with the switch is the built up

charge in the device which dissipates in the switch duriE Figure 1 shows a basic boost converter. The

mmutation between the outlined two switches is influenced

turn-on. For MOSFETSs, this drain to source charge L i -
the direction of the inductor current. To facilitate a

substantial and contributes further to the switching loss | di . £ volt d ft-switchi thod
These switch turn-on and turn-off losses increase linearly Wig?nera IScussion ot voltage-mode Soft-switching methods,

switching frequency and must be reduced in order to ta & 2 shows two switches with a current source that can

; s represent the switches of the basic switch converter
advantage of the high switching frequency PWM converters, pologies (boost, buck, buck-boost, Half-bridge, etc.). The

In recent years, many voltage-mode soft-switchin . ,
techniques have been proposed [2,3,4,5,6,7,8,9,10,11,12] H§ent sourcezsl modgls either the filter or energy transfer
show promising solutions to the switching and the shodt UC‘OF asspua_ted V\./'th the cc.)nverter. typg. Without loss of
through problems of high frequency PWM converters. Theggn_ergllty, §in Fig. 2 is shown in the dlrgctlon towards node
methods enable the main switch to be turned on and offaatS|m|Iar to a boost converter. The switches are either both
zero voltage. They are most notably helpful with MOSFE?C“VG or one active, one passive. For the boost convegter, S

devices because they reduce the substantial losses associat ually a d|_ode and,3will be an active switch. TWO
shubber capacitors,j@nd G, are placed across the switches
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Fig. 3. converter with redirection current

_ o paper. The redirection current is actualized by a small
to help with zero voltage switching. Zero-voltage softinductor being switched into the circuit from any another
switching can always be performed for one switchingode in the circuit, say nodk with a different voltage level.
direction by utilizing the current source to charge angqy Fig. 4, the voltage at node Vg4, must be lower than the
discharge the snubber capacitors placed across the switcRfage at node, V,, to realize the correct current direction
Assume that §is conducting and Sis off. If S is tuned  for soft-switching.  When the auxiliary switch, & closed,

off, the current sourceg Iwill charge G and discharge £ and \j < Vv, then the current will increase linearly according
This allows g to be turned off softly. When the voltage atg the following equation:

nodea, V, reaches the voltage at nodeVy, the snubber
capacitor, G, across $reaches zero voltage and the anti- . (Va - Vd)t
parallel diode will be turned on. If;Ss active, it can be 'Lr(t)= L
turned on at this time with zero voltage. Because of the ' 1)
direction of L, natural zero-voltage switching is not possible ~ When j reaches d the current in Sreaches zero and
during the $ to § commutation. In this case, zero-voltagewill change direction if it is not a diode. After this timg S
switching is performed with the help of additional circuittan be turned off. The equivalent circuit now contains at the
elements. very least resonant elementg, @, and L. Two of the

To achieve zero voltage switching during thet8® S,  selected circuits (Methods D and E) include an additional
commutation, a redirection curreptrnust first be switched resonant capacitor to help transfer the inductor energy and
into nodea softly (Fig. 3.). The growth of the redirectionwill be discussed later. In any case, particular circuit
current causes the current through t® reduce so that conditions must be satisfied to allow the @oltage to
irtigo=lg  Furthermore this redirection current must growesonate to zero volts. For an auxiliary circuit with just an
larger than ¢ during the transient so thayiwill change inductor and a switch, the equivalent circuit model wheis S
directions allowing $to be turned off with zero voltage. 1§ S closed and £is opened is shown in Fig. 5. The initial
is just a diode, the reverse recovery current will be controlleltage across Cand G is V-V and zero respectively, and
by the redirection current.i After $ is turned off, the the initial inductor current is.] Solving this circuit gives the
redirection current charges @nd discharges; Cwhich cause following equation for \¢4(t) where G = C; + Gy andAl = |,
the voltage at node to drop. When the voltage at node - Ig
reaches the voltage at node G, Yhe anti-parallel diode of
the main switch §will conduct allowing $ to be turned on
with zero voltage.

Figure 4 shows how this additional current is realized for
the voltage-mode soft-switching methods presented in this

Fig. 1. Basic boost converter
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Fig. 2. A two switch converter Fig. 4. converter with auxiliary switch.

IEEE Trans. Power Electronichjarch 1997, vol.12, (no.2):376-86 2



t d IL L a I&DN b
V,,(t)=V, -V, +(V, -V, )co — >
C.L Ve g
e e D s * +
LTI I‘iT
+ Al isin L -VwTs V” s ] J_clv G R v
+ - r + dsl - o
Ve JeL Gh = %&F
(2) v T :
b
L
ls —|-C2 L, G -
% a 1228
C l -0 - Fig. 6. Method A
Tcl ‘ these circuit parameters are matched between different zero
Cc

voltage soft-switching methods, giving a fair comparison of

Fig. 5. Equivalent circuit each technique's losses. The auxiliary circuits compared allow
zero voltage switching of the main switch, but each one has
their own turn-on, turn-off, and conduction losses that effect

the overall converter efficiency with varying amounts.

In the case when both switches are actié&0 is
dependent on the time between the turn off pA&d the turn
on of §. For all the compared methods switchiSa diode,
therefore, this passive switch will turn off when the inductor . THE COMPARED METHODS
current equald i.e.Al = 0.  WhenAl = 0, the zero voltage

condition of G is found from (2) as follows: . e .
4 2) different voltage-mode soft-switching methods are discussed
Yo + Ve in this section. Losses due to the magnetic core and the diode
2 (3) are assumed small compared to the auxiliary switch losses.

Once the zero voltage switching is achievedeantains Therefore, when comparing the loss mechanisms, these
energy from G and the input current,| This energy may be effects are neglected, but do contribute partially to the losses
transferred back into the main power processing path (il8.the circuit.
ir?put. or output) or dissipated i.r?ternallly vyithi.n the auxiliarj\ethod A
circuit. Each one of the auxiliary circuits in the selected ) ) o
group uses different mechanisms for recovering or dissipating Figure 6 shows the schematic of this soft switching

The operation, characteristics and loss mechanisms of 5

Vy <

this inductor energy. method. The location of the voltage noddsc,d from Fig. 4
To achieve higher overall circuit efficiency, the auxiliarya® given as a reference to the discussions in the previous
circuit must have less losses than the amount of ene@fction.  Although this soft switching method was

savings resulting from the soft-switching of the maitndependently created by the authors, a similar technique first
switches. The losses within the auxiliary circuit include thaPpeared in [6] where analysis for the buck converter was
conduction, turn-on and turn-off losses of the auxiliargiven. This technique uses the least components off all the
switch. Because the selected methods use an inductormgthods tested.  Furthermore, it transferg's Cstored
generate the current redirection, the auxiliary switches af@pacitor energy back to the input and has very small internal
turned on with zero current. However, the turn-on voltagésses allowing for substantial efficiency improvement over
will not be zero according to (3), causing the switch the hard switched converter. The operational waveforms are
dissipate its own internally stored capacitive energy. Since given in Fig. 7. Notice that before timgthe main switch, £
circuits in the selected group use a MOSFET switch, ti& off and the diode D is conducting the input current In
internal Gy capacitance is not negligible and effects therder for the main switch to be turned on with zero voltage,
circuit efficiency. Additionally, in high voltage applicationsthe voltage across the switch and the capacitomdst be
such as a power factor correcting boost input stage where fagced to zero. To do this, at timg the auxiliary switch, $
output voltage is greater than 100 volts, the conduction losturned on, allowing the current in the resonant inductor, L
due to the on resistance of the auxiliary switch is ald@ rise linearly according to (1). Once the current jn L
substantial. For the MOSFET auxiliary switch used in the¢aches the input current level gt the diode D has a
experimental circuits (IRF840) the on resistancey,rds controlled reverse recovery and the equivalent circuit is
about 1. The turn-off of the auxiliary switch can also bédentical to Fig. 5 with ¢ equal to zero Farads. As long as
lossy depending on the method used. These losses within Y#&Vin > 2 (from (3)) then the voltage across the main switch
auxiliary circuit are dependent on the circuit currepaimd @nd G, Vasy, will reach zero attand the main switch's anti-

the voltage level ). When performing the experiments,Parallel diode will conduct. Once the anti-parallel diode
conducts, the main switch can then be turned on with zero
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Fig. 8. Method B

anti-parallel diode On—y t The soft-switching boost converter shown in Fig. 8 and
presented in [2] was the first technique to allow soft-
Vst ’—‘ switching and still keep the PWM voltage and current
waveforms practically unchanged. Although [2] describes the
technique for the boost converter, it can be applied to any of
\ the popular topologies [3]. The operation of the auxiliary
lirsr circuit is detailed in [2]. After Sis turned on, the current in
/ the inductor L will ramp up linearly until it reaches the input
t current level as described by (1) witl ¥ 0. At this time the
diode turns off under controlled di/dt. The equivalent circuit
Io is the same as Fig. 5 except thatV=0. Also, constraint
\ / (3) is always satisfied ensuring that'<Cvoltage will reach
\ t zero and allow the anti-parallel diode to conduct. At this time
bttt t S is turned on softly. Ss then turned off softly due to the
0 '1 2 3 4 : : :
) ) snubber capacitor @C The energy in Lis then transferred
Fig. 7. Method A theoretical waveforms _into the snubber capacitor. If voltage acrogge@ches the
voltage and is done so with thgq{ gate drive signal. Atthis oytput voltage, then pwill conduct. In any case, when the
point the energy form the capacitoj @nd additional energy main switch is turned off, the snubber capacitrjCreset to

and stored in the resonant inductoy, lHowever, during the gwjtch are larger than with method A:

resonant cycle between tand p the voltage across L 1
reverses polarity from (#Vin) to -Vi,, automatically forcing W ——c.lv 2
: : on-loss d

the inductor current to return to zero amps at timge t 2

Therefore, .t.he energy stored ip i trgnsferred back to the However, the conduction losses through the auxiliary
Input. AQd|t|ongIIy, once the current in tegches Z€ro amps, switch, $ are less than that of method A because the switch is
the auxiliary switch is turned off softly with zero current byturned off as soon as;Qeaches zero volts and does not
the diode . The gate drive to,%an then be turned off (seeconduct the complete auxiliary circuit cycle. These

Vg[?]")' Flnalll)t/, at tt')m?h‘t the T_am SW'tCh.t'S té]r_rt']ed off-llsoftly differences are significant and will be evident when looking at
with zero voitage by the auxiliary capacitor. € auxmary experimental results. To soften the reverse recovery of D

ISW'tCh turn-ontqndthclondu;t]log Io_ls_f]es arell.the twqt s#t;stan en the current returns to zero amps, a saturable inductor
0sses present In this method. € auxiiary switch WUrm-Qfs inserted in series with the inductof, &s done in [4].

loss is defined by the following equation: This replaces the dissipative snubber added to the circuit in

1 2 2].

VvorHOSS= E Cds( Vo_ \% ir) 12
, (4) Method C

S. Itis the lowest among all the methods compared. Singg  QOperation is the same as method B, but uses less
The experimental circuit also contained a saturable reactor {Qovery of B and . The energy lost at turn-on of &
soften the diode Ps turn-off at §. identical to method B. Also, The conduction losses in the
Method B auxiliary switch are the same. However, because the C
capacitor was removed, the auxiliary switch is turned off

(%)
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circuit is given here with the theoretical waveforms shown in

_Nl‘m a ; b Fig. 11. Assume fpr now that the stored_ ener_gy,iﬂn@ a
l”l;j polarity shown in Fig. 10 and that the main switch is off. At
+ to, & is turned-on to form a redirection current through the
G+ L )Bad inductor L. Even though this is an LC resonant circuit,
1 Ry, because Cis large enough, the inductor current;, Iwill
(DVin —||; Vi Dy T change much faster than the capacitor voltage. In this case,
+ + G equation (1) can still be used as an approximation of the
Ve S| BF Ve 2 ) inductor current increase withyWq = Vo + V¢. As the
S . inductor current increases, the, €apacitor voltage will

decrease from it's initial value. Oncg lreaches the input
current level, |, at § the diode D has a controlled reverse
Fig. 9. Method C recovery. This creates an LCC resonant circuit betwgen C
dissipatively. ~ This significantly reduces the efficiency ,, and G with the input current as the driving force. The
compared to method B as shown in the experimental resultgoltage cross Lis still positive and so the current will
Method D continue to increase causing the capacitor voltages acfoss C
and G to decrease. The zero voltage switching constraint
given by (3) does not apply here due to the addition,of C
Figure 10 shows the soft switching converter presenteé@wever with the appropriate circuit parameters, zero voltage
in [5]. Once again the location of the voltage nodgls,c,d  switching is realizable over most of the load range [5]. Once
from Fig. 4 are given. Two extra diodes were added to thige voltage across;@lecreases to zero atthe main switch’s
auxiliary switch, § to bypass its slow anti-parallel diode.anti-parallel diode will conduct allowing it to be turned on
The series diode blocks the anti-parallel diode fromiith zero voltage. With the anti-parallel diode conducting, L
conducting and the parallel diode;,Ds essentially the new and G now make up an LC resonant circuit where the
faster anti-parallel diode. It will be shown below that this ighductor current is substantially greater than the input current
necessary to protect the auxiliary switch from possiblend G has decreased from its original voltage. The resonance
voltage breakdown. One important difference this circuit hagstween L and G forces the inductor current to return to zero
compared to the previous methods is the extra capacitor , & t and changes conduction direction through diode D
in series with the resonant inductog, LThe capacitor allows When the inductor current passes zero the voltage across the
for an LC resonance betweepdnd G to return the inductor capacitor, G is at its negative maximum with respect to the
current to zero amps. Unlike Method B and C, this resonangelarity shown in the schematic. With the inductor current
does not require the auxiliary switch to turn-off in order t@egative and the diodejDxonducting, the auxiliary switch
change the inductor current direction. However, in thisan be turned off ideally with zero voltage and zero current.
method, the energy extracted from the main energy patht@e inductor current continues negative performing a half
form the redirection current is not transferred to the input eésonant cycle and returns to zero amps; athiere it stops
output. Instead it is partially stored inr @nd the rest is because of the diode;land $ being off. During this half
dissipated internally. If the circuit was lossless, the Gesonant cycle the ,Ccapacitor voltage has reversed
capacitor voltage would increase each switching cycle by @irections and now contains the same polarity as it started
incremental amount until Sreaks down. In practice, thewith. Additionally, during this half cycle the main switch
incoming energy is balanced by the circuit conduction losskperiences a controlled current hump waveform. From [5]
and auxiliary switch turn-on loss. A brief description of thehis peak current can be more than three times the input
current and gives rise to additional conduction losses both in

L I D b the auxiliary circuit and the main switch. Furthermore, when
— 2 2 — this current returns to zero, the reverse recovery time of the
L« 16H anti-parallel diode will allow a small forward inductor
CJ.d |Lr + current. When the diode does recover, there will be a large
. voltage spike across the auxiliary switch, as evident in the
G | Ry, experimental waveforms (Fig. 16). The added fast recovery
O Vo S—H_ \a T anti-parallel diode, B help to decease this voltage spike.
+ | PF Since the energy brought into the auxiliary circuit is not
Vi ) _| o - recovered, it is partially dissipated by thes®itch turn on
loss, making this particular loss element the largest of any of
/ the methods:
¢ AudliaryNevark

Fig. 10. Method D
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has changed positions. This circuit adds two extra diodes, D
2001 ___and By. Diode B allows the ¢ capacitor voltage tq be
Ver m returned to zero volts every cycle there by transferring the
volts j~\ / - added energy, (7), to the output each cycle and does not allow
it to accumulate. Additionally, diode3Ds used to clamp the
200 ‘\( ‘ ( Ts+ reverse recovery spike across the auxiliary switch when the
t inductor current returns to zerg, (i Fig. 11). The circuit
operates the same as method D to turn the main switch on
200 with zero voltage. However, when the main switch is turned-
Power off the output current will not only charge; @ut it will
watts | discharge E€through the diode  When the voltage across
C; has reached zero volts the diode D will then conduct.
‘ Ts» Therefore, the energy stored in Before the main switch was
0 t turned on is transferred to @nd eventually is transferred to

b it ts b

the output when the main switch is turned off. Furthermore,
because the (Gcapacitor voltage is zero at the start of each
cycle, the peak currents thought the auxiliary circuit are lower
giving smaller conduction losses than method D. With these
\Non—losszicds(vo'F Vcr)2 added diodes, the auxiliary switch;, Shas turn-on losses

2 . identical to methods B and C and turn off losses identical to

(6) methods A and D. Furthermore, the danger of the auxiliary

To further illustrate the dissipative nature of this techniquéWwitch voltage breakdown has been eliminated.
Fig. 11 _s_hows a graph of the .theqretlcal power delivered to IV. EXPERIMENTAL SETUP AND PROCEDURE
the auxiliary network outlined in Fig. 10 by the dotted box. o . o
Power is delivered to the network each cycle and never A 250kHz switching frequency experimental circuit with
recovered. This Cyc|e by Cyc|e accumulated eneﬁgy, is the above described Soft-switching methods was built to

seen by the increase in thg €pacitor voltageAV,, at the Ccompare their performance characteristics. Each experiment
end of the cycle: used the same base boost circuitry while the auxiliary circuit

1 modules were applied. This ensured identical layout
AW==CAV, [\é ( B) ~AV. ] topologies for the power switches. Furthermore, each test
2 erk o " used the same thermal management setup. Additionally,

(7)  under the constraint that the auxiliary circuit conduction time

In the experimental circuit, this incoming energy is balancéas less than 25% of the switching period, the circuit

by internal losses each cycle to reach a steady state solutiofomponents (Land G) of each method were adjusted to
obtain the highest experimental efficiencies at 600 Watts of

Method E output power and input and output voltages at 100 and 300
A modification by the authors to the circuit in Fig. 10volts respectively. All circuit diodes were MUR860s; the
yielded a new circuit shown in Fig. 12 with improvedinPUt inductor of the boost converter, L, was 200uH; and the
efficiency and component stress. By convention, mbilem ~ Output capacitor, & was 200uF; the main switch was an
Fig. 4 is shown after the inductor although the capacitor (RFP450 and the auxiliary switch was an IRF840. The other

Fig. 11. Theoretical waveforms and power delivered to
auxiliary circuit.
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circuit parameters are shown in the schematics (Figs.
6,8,9,10,12).

The efficiency of each method was measured from 100-
700 Watts range of output power with approximate input,
voltage at 100 volts and output voltage at 300 volts using a
Tektronix 2505 Data Acquisition TestLab. Using four 12 bit™]
A/D channels sampling at 100kHz, the DC input voltage anc
current and output voltage and current were simultaneousl§|
measured. The range and offset of the differential amplifiers
within the TestLab were adjusted to achieve the highest A/Q
resolution possible. Although the DC input supply wasw»
regulated, line frequency ripple was still detectable.
Therefore, to eliminate the influence of the ripples in the
efficiency measurements, each test consisted of five 60Hz line
cycles (8333 samples) where instantaneously Input and_ outplt 5. Soft-switching method A: 600 Watts output power. JgqV
power were calculated and then averaged. This experiment 100V/div; 2: Vyg 20v/div; 3: Vyggy 275vIclv; 4: | , , SAVdiv
setup ensured a very repeatable and stable system to perform 9 r
the measurements.

To accurately compare each soft-switching method at the
appropriate power level, the input current and output voltage
were adjusted to be identical for each converter. Asg
discussed in section Il, the losses associated with the auxilidry
circuit are dependent on the input curregtahd output
voltage =V, By equalizing these test parameters, ap
accurate comparison between the converters can be achievéql.
The duty ratio and input voltage were adjusted slightly for

Horizontal scale: 500ns/div

each method to achieve this test condition. 4
- ‘
V. EXPERIMENTAL RESULTS AND 'Srcurrent turned off
OBSERVATIONS Horizontal scale: 500ns/div

Figures 13, 14, 15, 16, 17 show that each method turns
on the main switch (seedy; & Vgs7) with zero voltage and Fig. 14. Soft-switching method B: 600 Watts output power. dgV
that the drain voltage rising edge is slowed by the snubber 100v/div; 2: Vg1 20v/div; 3: Viggy 275v/div; 4: | | SA/div
capacitor G. The time that the auxiliary switch is turned on
also can be indirectly taken from the figures by correlating it
with the time the auxiliary inductor current begins to rise.
Although methods A, B, and C included a saturable inductor,
this blocking time is very short and can be neglected. Fig. 18.
shows the waveforms for the hard switched converter. I
contrast to the soft switched methods, the hard switched ‘ ‘
converter is not turned on with zero voltage and the device] -~~~ '~ -
has a very large power dissipation spike at each switching
interval.

4
»

Horizontal scale: 500ns/div

Fig. 15. Soft-switching method C: 600 Watts output power. g1V

100v/div; 2: V93120v/div; 3. Vygr 275v/div; 4. Lr 5A/div
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Horizontal scale: 500ns/div

Fig. 16. Soft-switching method D: 600 Watts output power. 1:

V4s1100v/div; 2: V95120v/div; 3. Vygr 275v/div; 4. Lr 10A/div

_dampedvotage _ N Lo o 4 L

Horizontal scale: 500ns/div

Fig. 17. Soft-switching method E: 600 Watts output power. jk1V
120v/div; 3:

100v/div; 2: \,

gs

Vgsr 275v/div; 4: |_r 10A/div

Horizontal scale: 500ns/div

Fig. 18. Hard switched converter: 600 Watts output power ygdsV
120v/div; 3: kq: 5 A/div; 4: Ryq: 4.25kW/div

100v/div; 2: \,

gs

assumed to have equal weight and independent of one
another. For each loss, the methods were ranked from highest
to lowest efficiency. For example, the turn-on loss of method
A is the smallest of all converters, followed by methods B, C
and E for second, and finally method D for last. The total in
Table 1 for this first order comparison shows that methods A
and B are the highest in efficiency, followed by methods C
and E, and then method D. The actual efficiency results show
this basic performance grouping.

The efficiency of each soft-switching method and the
hard switched converter are shown in Fig. 19. These results
are slightly different from those presented in [1]. This
difference is because for the given results, the circuit
parameters were experimentally optimized for 600Watts
output power and the circuit cooling was standardized as
mentioned in Section IV of this paper. For the hard switched
converter, the snubber capacitor, @cross the main switch
S, was removed. Figure 19. shows that methods A and B are
the most efficient soft-switching techniques. Method A
obtained the highest efficiency at low power and method B
performed the best at high power. As explained before,
method A has the lowest auxiliary switch turn-on loss of any
converter. This factor makes it the best technique at lower
power. However, when power increases, the conduction loss
due to the @ auxiliary switch resistance becomes significant,
thus method B dominates. For method B, the auxiliary switch
is only on for the first part of the cycle. Looking at the
waveforms Figs. 13 and 14, one can see that the area under
the inductor current (Sswitch current) of method A is larger
than the area under the switch conduction time of method B.
Furthermore, method A transfers the energy from its auxiliary
circuit to the input instead of the output like method B;
therefore, this part of the energy is processed twice before it
reaches the output. This becomes significant when it is
operating at high current. These factors cause the efficiency
decrease of method A at high power. At low power (200-300
Watts), the hard switched converter has the highest efficiency
of all the methods except A and B. For the other converters,
although soft-switching of the main switch is maintained at
lower power, the energy savings is less than the losses caused
by the auxiliary circuits themselves! At higher power,
method E has the third highest efficiency and shows the 3-4%
improvement it makes over method D by transferring the
capacitor energy to the output each cycle. Method D's
performance is severely hampered by the dissipated energy
within the auxiliary circuit and does not improve efficiency
over the hard switched converter until very high power.
Although the waveforms of method C are very close to
method B (see Figs. 14 and 15.), the fact that the auxiliary
switch in method C is turned off dissipatively accounts its
lower performance.

Table 1 gives a first order loss comparison between the
different methods. In this comparison, the four major losses
associated with the auxiliary circuit were included and

IEEE Trans. Power Electronichjarch 1997, vol.12, (no.2):376-86 8



METHOD A B C D E
INDUCTOR ENERGY TRANSFER 2 1 1 3 1
LOSS
TURN ON LOSS 1 2 2 3 2
TURN OFF LOSS 1 2 3 1 1
CONDUCTION LOSS 2 1 1 3 3
TOTAL 6 6 7 10 7

Table 1. First order loss comparison
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Above this power level the hard switched converter failed with the thermal management setup used.
Fig. 19. Soft-switching method efficiency comparison
Figure 16. shows a substantial voltage spike across th#her hand, because method E's auxiliary switch is softly
auxiliary switch (\jgp) for method D. This is caused by theturned off, the excess conduction losses are still better than
reverse recovery time of the anti-parallel diode. Figure 1fe dissipative switch turn-off loss of method C.
shows how _method E uses diodg t© clamps this reverse VI. CONCLUSIONS
recovery spike to the output voltage.  Furthermore, it is
evident from this figure why the efficiency of method E is Five voltage-mode soft-switching methods were
lower than methods A and B. The LC resonance peak curreoimpared and experimentally analyzed. Methods A and E
is higher causing more conduction loss in the auxiliary circuimerged during this study by the authors with method A
Also, the negative current in the resonant inductor add to theing similar to prior work in [6]. Methods A and B showed
main switches conduction loss more than tripling the inptite highest efficiency. Method A did well at low power
current during this period. Even though the conduction timlevels, and method B did well at higher power levels.
of this current hump is small, compared to methods A and Blthough method A has a limited zero voltage rangg’\(\4
it is not the optimum configuration for efficiency. On the> 2) and requires a isolated gate drive, the number of
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components is the least of any of the converters. MethodcBuses the switching losses to become very substantial.
has the most components, but always provides zero voltafeerefore, solutions must be found to reduce this loss.
switching and high efficiency over the complete power rang¥oltage-mode soft-switching converters have been shown to
Method E showed excellent improvement over method D, bptovide very good efficiency improvements of the main
still does not meet the efficiencies of methods A and Bwitch turn-on and turn-off periods. And most of them will
Method C exhibits lower efficiency than method B due to itsnprove overall circuit efficiency within a certain power
dissipative turn off of the auxiliary switch. Methods D hasange. But until now, understanding a soft-switching circuit's
the lowest efficiency and extra care must be taken to makdvantages and disadvantages over another techniques has
sure the efficiency has improved over the hard switchingeen vague at best. By comparing the selected promising
converter. The best methods improve efficiency over the hamethods, an understanding of the loss mechanisms and
switched converter by softly switching the auxiliary switchselected circuit advantages has been improved.

minimizing the_ amount of redirection current, and recovering ACKNOWLEDGMENT

the auxiliary circuit energy.

An observation worth mentioning was the radiated EMI  The authors would like to thank Zheren Lai and the other
improvement method A appeared to have over the otheembers of the Power Electronics Lab at UCI for many
converters. During all experiments an FM radio was placedluable suggestions and discussions. Equipmeigaosti by
within ten feet of the converter. At 600 Watts of outputhe Tektronix Seed Grant was indispensable for this research.
power the only converter that did not experience any radiurthermore, component support from Harris Semiconductor
interference was method A. and Motorola was greatly appreciated. Special thanks goes to

High frequency power conversion has some obviouke reviewers whose suggestions were invaluable for the

advantages, but at a price. The increased switching frequengyision of this paper.
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