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Abstract -- This paper derives general topological and However, the topological rules that describe where these
electrical properties common to all lossless passive soft-switching components must be place in the circuit have not been
converters with defined characteristics and proposes a synthesis proposed in the literature. Typically the inductor and
procedure for the creation of new converters. The synthesis capacitor have been placed in series and parallel with the
procedure uses the properties to determine all possible locations active switch respectively. But many other locations are

of the inductor and capacitor added to achieve soft switching. bl d | h d red
Then a set of circuit cells are used to easily add the additional possible and can lower the component count and reduce

circuitry to recover the energy stored in these elements. A SWitch  stress. Furthermore,  additional  circuitry
family of soft-switching boost converters are given as an accompanying the capacitor and inductor is used to recover
example of the synthesis procedure. Experimental waveforms their energy to either the load or the input. There are many
are shown for a new soft-switching Cuk converter. different proposed circuits to accomplish this. It is the
| INTRODUCTION. objective of this_ paper to fi_nd general topolog_ical_ and
electrical properties that describe these recovery circuits and
Higher switching frequencies allow reduction of thehe placements of the resonant inductor and capacitor to
magnetic component sizes with pulse width modulatefdcilitate the creation of new circuits. Furthermore, circuit
(PWM) switching converters.  Unfortunately, increasedells can be constructed that simplify the creation of new soft-
switching frequencies cause higher switching losses asditching circuits.
greater electro-magnetic interference (EMI). The switching This paper derives general topological and electrical
loss mechanisms include: the current and voltage overlap I@gsperties common to all lossless passive soft-switching
during the switching interval and the capacitance loss durie@nverters with defined characteristics and proposes a
turn-on. The diode reverse recovery also causes an additiop@cedure for the synthesis of new converters. The synthesis
conduction loss and further contributes to the current apdlocedure uses the properties to determine all possible
voltage overlap loss. Active or passive soft-switchingbcations of the inductor and capacitor added to achieve soft
methods have been used to reduce these switching lossediching. Then a set of circuit cells are used to easily add
Recently, passive soft switching has received renewegtcuitry that recovers the energy stored in these elements.
inspection as a better alternative to active methods. Pass8ction Il describes the topological and electrical properties.
methods do not require an extra switch or additional contrgection 11l presents the synthesis procedure and gives
circuitry. They are less expensive, have higher reliability angkamples. Section IV shows the experimental waveforms for
have been reported to achieve higher performance/price ratip;iew Cuk converter created with the synthesis procedure.
than active methods [1,2]. For PWM converters, passive s@féction V concludes the paper.
switching reduces switching losses by lowering the active
switch's di/dt and dv/dt to achieve zero-current turn on an TOPOLOGICAL AND ELECTRICAL PROPERTIES
zero-voltage turn off. Furthermore, by controlling the di/dt of OF LOSSLESS PASSIVE SOFT-SWITCHING
the active switch, the reverse recovery current of the diodes CONVERTERS
are also controlled. The only loss mechanism not recoveredThe development of any synthesis procedure must start
with the passive technique is the energy in the internaith a thorough understanding and representation of the
capacitance of the switch. However, this loss is much smallefoblem to be solved. Therefore, topological and electrical
than the other switching losses and may be smaller than fheperties are derived that describe all PWM converters with
loss incurred by using an auxiliary switch in an active methgshssive lossless soft-switching characteristics.
[1,2]. Historically, passive soft-switching techniques were
used to reduce spikes in the switching circuits and were lo ¥
by dissipating the recovered switching energy in resisters [3].
But more recently, many lossless and partially losslessThe definitions below first list the components that
techniques have been proposed [1,4-19]. describe the hard switched PWM converter and then follow
The two necessary components that must be added to With additional components that are added to allow lossless
circuit to achieve passive zero-current turn on and zerpassive soft switching. An essential element of isolated
voltage turn off are a small inductor and capacitor. Th@pologies, transformers, have been left out of the hard
inductor provides zero-current turn on of the active switchwitched PWM components. Although not addressed in this
and limits the recovery current of the diodes while thpaper they can be seen as an extension to the properties that
capacitor provides zero-voltage turn off of the active switchollow.

Definitions of Lossless Passive Soft-Switching PWM
nverters.
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Hard switched PWM converter:

1. Asingle DC voltage source, Vs.

2. Asingle linear time invariant (LTI) resistor R. -

3. Asetof LTl inductors = (Lj,i =1,...,n)) (a) (b) ©

4. Asetof LTI_ Capa(_:'torg =G, '_ =1,...n¢) Fig. 1. Active switch implementation: (a) TransisigVL#>0, (b)

5. Aset of active switcheS= (S, =1,...,ng), n=1 current bi-directional V>0, (c) voltage bi-directiona),4>0.

6. AsetofdiodeD = (Dj, i =1, ...nd) The main requirement of the turn-on snubber is to slow the
Passive elements for lossless soft switching: switch current rise time. This is done by the insertion of a

ZCL, Lr;, into the circuit. However, this ZCL will store
energy that must be recovered ultimately to the IBady the
voltage sourceys, to maintain lossless operation. This stored
energy comes from two sources, the reverse recovery current
of diodes D, and the PWM converter current from filter
and/or energy transfer inductdrs In both cases, the snubber
- T circuit must provide a conduction path when either a dide
2- 222'{ g]l: zgﬂggg g%r(]jseﬁfgr:?lgssri(lsil —:d,;)--nts) or a switch§ turns off. If no path is provided, either device

' ' can be destroyed by a voltage spike. Since an inductor stores

Voltage storage device (VSD)A VSD is a device or its energy in the form of current which can increase converter

subcircuit that stores energy in the form of voltage. (e_é_onductmn losses, it is desirable to transfer the ZCL energy to

capacitor, voltage supply, etc.) a VSD as soon as possible. Therefore, the energy recovery

from the reverse recovery current of the diode should be

Passive turn-on and turn-off snubbersSets of passive performed as soon as the diode turns off (switch turns on).

elements for soft switching that are added to the harflhe recovery circuitry should also maintain a manageable

switched converter to limit the switch current and voltageonage stress across the switches and diodes.

during switch turn-on and turn-off intervals respectively. The main task of the turn-off snubber is to slow the switch
The definition of the hard switched PWM converter followsoltage rise. This is done by the insertion of a Z\@g, into

closely with the terms presented in [20,21] except for tHée circuit. However, this capacitor will accumulate energy

treatment of active and passive switches. In the definitiotizat must transfer to the load or the voltage source before the

above, the distinction is initially made between active angext turn-off interval. Because it is a passive circuit, this

passive switches since it is assumed that the hard switclgs@rgy must be recovered when the switds firned on.

PWM .topology.and switch implementation has already beeda_ Zero-Current Turn On of Active Switches:

identified. Active switchesS are implemented one of the

three ways shown in Fig. 1 depending on possible directionsThis subsection describes the number and placement of the

of the switchon current, §, and the switcloff voltage, Vr, ZCLs to allow zero-current turn on of all active switches.

following the convention in Fig. 1(a). Property 1. Zero-current inductor placements for single
active switch PWM converters: From a hard switched
converter topology, a zero-current inductor; is placed in

all loops comprised of S, and a nonempty subset af (C

A passive turn-on and turn-off snubber not only shoulgl;sy , D) to achieve zero-current turn on of the active switch
slow the di/dt and dv/dt of an active switch respectively, buf

also losslessly recover the zero-current inductor (ZCL) and . L .
zerovolage capacior (2VC) energy and manian g ! %108 000 satehing e above condton e wer
manageable voltage stress across the switches and diodes. A] y rapicly

these functions are executed during the switch transitiol lich voltage clamps to a nonzero value until the diodes

interval (STI), a small resonant interval during the switcﬁomplete their reverse recovery period. By inserting an

turn-on and turn-off transitions. The length of the switcl.lrlOluCtor into this loop, the switch voltage can drop and the

transition interval is dependent on the switch speed, convert@?ucmr sustains the voltage_ _d|fference, Wh'Ch. c_reates a
ontrollable current slope. Additionally loops consisting only

characteristics and size of the soft-switching componenF . .
The rest of the time, the converter is operating in the norm(gfl S andD are assumed possible in PWM converters when

PWM converter mode. It is assumed that the snubbers dog% lementing a current bi-directional switch. In this case

change the PWM converter operation except at the sm h devices are representeq as a single active siitoks
switch transition intervals at turn on and turn off. an example of property 1, Fig. 2 shows the boost converter

with loop L; comprised of elemenS D andC. As shown,
there are 7 possible placements of the ZCL to achieve zero-

1. A set of zero-current inductocs = (Lrj, i = 1,...,nr)
Lr provide zero-current turn on of active switclges
2. A set of snubber inductorkss = (Lsj, i = 1,...,n|s)
3. A set of zero-voltage capacitags = (Crj, i = 1,...,n¢cr)
Cr provide zero-voltage turn off of the active switces
4. A set of snubber capacitd@s= (Csg, i = 1,...,nc9

B. Lossless Passive Turn-On and Turn-Off Snubber
Requirements.



path must be provided to control (i.e. charge or discharge) the
ZCL energy and eliminate large voltage spikes. There are
many possible ways to control this energy transition, however
all methods have similar topological and electrical properties.

Property 4. Management of inductor energy at either

S switch or diode turn off. To control the energy in Lr
e\ regardless of whether a active switch or diode turns off, Lr
7 . .
_ _ must be in a loop comprised of a nonempty subset of Ds and
Fig. 2. ZCL locations for boost converter. a VSD. The voltage polarity of VSD and the conduction

current turn on of switck. Until now only locations 2 and 3 direction of Dg must be such that the inductor energy will
have been proposed for lossless passive soft-switching bo$apsfer to and/or will charge from the VSD when a switch S
converters [1,4,5,6,7,8]. However, locations 1 and 4 atdrns off or a diode Drecovers.

viable new placements of the resonant inductor. Although Fig. 3 gives a conceptual example of the property 4 loop
locations 5, 6, and 7 are new and will also provide zerevth a buck converter. Notice how the diobs is used to
current turn on ofS they will adversely affect the load conduct the filter inductor current whéhis turn off and the
voltage and feedback control circuitry and so only locationgverse recovery current,,, when the diode recovers.
1-4 are proper. In any case one can see the ease of locakinghermore, the voltage polarity ofsy is such that the
possible inductor locations by following property 1. Thenductor energy will be charged whe® turns off and
following property extends property 1 to include converterdischarged whe® recovers. The loop also ensures that the
with more that one active switch. voltage stress across the switches and diodes are controlled.

Property 2. Zero-current Inductor placements for Multiple ~ AS inferred from property 4, one mangagement loop is

Active Switch PWM converters: From a hard switched Needed for each inductor. However, more than one energy

converter topology, a sufficient conditions for the zergManagement loop may be provided and may also contain a

current turn on of Sis a zero-current inductor, Lris placed Subset of §u D). In this case these loops are only effective

in all loops comprised of;Sa nonempty subset of (C{Vs} for the turn off of diodes and switches not in the subse® of (

U D) and a subset (maybe empty) of S (excludjng S u_D). The f(_)llowing special case of property 4 summarizes
Applying property 2to each switch of the full bridge or this observation.

three phase voltage source inverter results in loops that h&mperty 4 (special case) Loops comprised of Lr, the non-

the input sourceYs as a common element. This brings ugmpty subset of Ds, a subset (maybe empty)of{Band a

the obvious result that only one resonant inductor can provig#§D can manage the inductor energy for the turn off of

zero-current turn on for all switches. The following propertywitches Si and diodes Di not in the subset of) (3.

summarizes this observation. Property 4 (special case) gives additional guidelines for
Property 3. Maximum number of zero-current inductors: jdentifying and modifying inductor energy control loops for
To provide zero-current turn on of X active switches, axisting or new turn-on snubber circuits. Fig. 4 shows a new
maximum number of X zero-current inductors is needed. turn-on snubber that is operationally equivalent to [4,9]
except it has different loops. When the di&éurns off, the
recovery loop idr-Ts-S-Ds1-CswhereTs and Cs represent
Energy collected in the ZCL from the reverse recoveripe VSD. When the switch turns off, the energy control loop
current of a diode should be discharged when the diode tufgsinitially, Ts-Lr-Cs-Ds2-Ds3until Cs is drained to zero
off to minimize conduction losses. At the switch turn-ofivolts. Then the loop becomeBs-Lr-D-Ds3until diodeDs3
interval, the ZCL energy has several transition variatiofgrns off. DiodesD, Ds2, and Ds3 can be in opposite
depending on the inductor’s topological location. The mosirections to one another in the loops described above
obvious case is when the ZCL is inserted in a brandlecause a net inductbrcurrent is always flowing toward the
containing a switch. In this case, when the switch turns offad.
the inductor energy must return to zero to minimize

D. Energy Management For Zero-Current Inductors.

conduction losses. When the inductor is inserted in a diode ?'/% ’“L’“N‘
branch that conducts complementary to the switch, the Is

inductor energy must be charged at switch turn off. Finally, if Ds L c
the inductor is inserted in a non-switch or non-diode branch, Vo

the inductor energy will be discharged and then changed at Cj - R
switch turn off. In all these cases, an alternative conduction D l"’

Fig. 3. Conceptual energy management example



sﬁ (b)

Fig. 4. A new circuit with multiple recovery loops. Fig. 6. Realization of VSD by transformer coupling: (a) forward

transformer, (b) flyback transformer.
This topological property also allows easy inspection of, 5(b) without th d;'t? y | diode. Without this diod
circuits claiming lossless operation. The circuits proposed Y- (b) without the additional diode. ithout this diode,

[6,7] are lossless only if the diode have no reverse recov&ﬁ/rem can reverse direction in the inductor and increase the
current. These circuits contain no loops satisfying property 4 pdacnor voltage rising the voltage stress of the switch and
Therefore, the ZCL energy from the reverse recovery curre pae.

of the main diode will not be recovered and the voltage spiky Realization of VSD by a transformer coupling.

across this diode can be very large. For property 4, the VSDA ; d or fivback ‘ i b q
may be a relativelgtiff voltage device where the voltage does . orward or Tlybac tran_s ormer coupling can be use to
not change much from cycle to cycle. Under thesrgallze a VSD as shown in Fig. 6(a,b) for a switch. The

conditions, the next two subsections describe how this can %%vantage of transform_er coupling is that the ZCL energy
achieved. transfers each cycle directly to the bus voltage or other

voltage storage element in the converter. The forward

1) Realization of VSD by a capacitor. transformer method has been used for many proposed
Because the inclusion of an additional power source ?:énverters [10-17]. The flyback t_ransformer was suggested in

inconvenient for most applications, VSD can be realized byleékall:;er ?:g‘jétgg;':f(;ggeg;fsuepII'Qrgg?32;?;938' tg;;;i”::ﬁ;w%e
relatively large capacitor from the seCs( v C). This gwitch or diode is turned off. Therefore, all proposed circuits

capacitor will accumulate energy from the ZCL each cycle 0 use some additional voltage clamping action (either loss
The energy accumulating in the capacitor also needs parﬁé? ‘ag ping Y
r lossless) to control this leakage inductance energy.

recovery each cycle to reach an equilibrium voltage. If VS eferences [4,6,9] and Fig. 4 show how the transformer can

is from the seC only, then as shown in [8] this capacitor ca e coupled to the energy transfer inductor to realize a VSD
be a filter capacitor for some PWM converter topologie P 9y :

(buck, Cuk, Zeta). For these select topologies the capacitr Zero-Voltage Turn Off of Active Switches

energy transfers directly to the load resistor. Otherwise the

energy can be recovery by inserting a second inductor aREPperty 5. Zero-voltage capacitor Placementor zero-
diode so that an L-C-D circuit is in parallel with the an activéoltage turn off of the active switch S3 must be in a loop
switch or diode as shown in Fig. 5. With this arrangemeriith a nonempty subset Cr, a subset of (€vs} U Cs) and
when the active switch (diode) is conducting the capacitor &nonempty subset of Ds. The diodes Ds in the loop must be
transferring the energy to the inductor. When the activé the direction to conduct the switch current whertugns
switch (diode) turns off the inductor will transfer this energ@ff. The electrical requirement of this loop to ensure zero-
to the input source, load or energy transfer capacitors. Tweltage turn off is that when the switchisSopened and has
size of the additional inductor should be valued so that tE€ro parasitic capacitance, the voltage around the loop the
additional conduction loss of the switch or diode is smalmoment after turn off must still be zero volts.

However as the inductor value is increased, the switch voltageThe snubber componen@r( Cs, andDs) that make up the
stress becomes larger. In [8] an inductor is placed similar [tsop satisfying property 5 are defined as B\éC subcircuit
The other elements in the loop are part of the original hard
switching topology.

Property 6: Zero-voltage capacitor subcircuit placement
(Using terms in graph theory [25]Every zero-voltage
capacitor subcircuit represents a chord that creates a loop
from the largest connected subgraph that contains switch Si
and a subset of (© {Vs}). This subgraph is taken from the
hard switched converter topology unless a zero-current
inductor has been inserted into the topology. Then the

Fig. 5. Examples of recoveririeg energy.



transfer occurs for each reset circuit. For the reset circuit
shown Fig. 8a, the ZVC voltage, Vcr, initially equals the
ed e e output voltage Vo. The circuit resets Vcr to zero voltage by
i — transferring all of the energy to the snubber induttor At
this moment the energy ir transfers back t&r until Ver
R equals —Vcs. Then the energy is transferred to the parallel
combination ofCsandCr. Additional circuitry must transfer
the energy irCsto the load or the input. For the reset circuit
shown in Fig 8b, the circuit operates very similarly except the
Fig. 7. Possible loops to achieve zero-voltage turn off of |r!ductor energy _ continuously trf_insf_ers 10s as ver
switchS. discharges to zero. For the reset circuit shown in Fig. 8c, the
. . . energy in the capacitor transfers to the inductor, then back to
subgraph is _taken from the hard switched topology with ﬂ}ﬁe cgz;/pacitor bu?with a different voltage polarity. Once the
zero-current inductor Lr. voltage across the capacitor equals -Vs, it is completely reset
If property 6 is taken from the hard switched PWMand the rest of the energy in the inductor transfers to the
converter topology, the resulting connected subgraph is a tkeitage supply Vs. Fig. 8c will not completely reset unless

of the converter network as proved in [20]. If the subgraph ige initial capacitor voltage is greater than Vs. This limits the
taken from the hard switched topology with the ZCL, since #perating range of the circuit.

is a subset of elements from the tree, it will also contain noThese reset circuits add additional current stress to the
loops (theZVC subcircuitcreates the loops). As an examplexctive switch. However since the resonant period can be
of property 5 and 6, the boost converter in Fig. 7 shows t@esigned to be small, the additional conduction losses are
three different loops possible for the active swighlnd the minimal. The following property describes the upper limit of
ZVC subcircuitshown in boxes. Take lodps as an example 7VCs needed to satisfy property 5.

and assume the switch has negligible parasitic capacitang?operty 7. Maximum number of zero-voltage capacitors:
When the switclts turns off, the voltage across the capacitOﬁ-O provide zero-voltage turn off of X active switches, a

Cr must equal the input voltages SO that the voltage around maximum number of X zero-voltage capacitors Cr is heeded.
the loop equals zero volts. This ensures that the voltage

across the switch increases from zero at the rate determineFdyMinimal Active Switch Voltage Stress
the inductor current, ] and the value of capacitGr.

For passive soft-switching converters, the ZVC must béroperty 8. Minimum Active Switch Voltage StressTo
reset to a voltage satisfying the electrical requirement gfaintain a minimum voltage stress across an active switch
property 5. The reset occurs when the active switch turns avien the zero-current inductor Lr is inserted adjacent to a
Furthermore, the energy @r must ultimately transfer to the diode O, at least one auxiliary diode Ds must provide the
input voltage source or the load of the converter to ensusame path from the active switch to the subset/(€9) as
lossless operation. An L-C resonance is the only methodttte hard switched topology diode didd. Additional circuitry
losslessly transfer the energy {@r toward a permanent must ensure that the additional diodes Ds stops conducting
storage device. However, there are several variations of Lb&fore the active switch is turned on, so that zero-current
resonance and are shown in Fig. 8 with a boost converter. Tthen on is realized.

reset circuits transfer the energy @r either to the input  The ZCL inserted into the circuit using property 1 no
source or to another capacitor which completely or partiallgnger allows the turn-off transition of the active switch to be
diSChargeS to the load when the active switch turns off (tl&ﬁimped to avo'tage Supp'y through the didaes'rherefore’
additional circuitry is not shown). The active switch is 0fg maintain the minimal voltage stress across the active
when the reset period starts and assume that the indud@jtch, a separate snubber diode current conduction path must
current is zero. The Fig. 8 caption describes how the enefigfgroduce the original conduction path that the did@ile
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Fig. 8.Possible Reset Circuits (a) energy flomesLr=Cr while (Vcr>-Vcs) then L&Cr & Cs, (b) energy flonCr=Lr & Cs=Cs (c)
energy flowCr=Ls=Crwhile (Vcs > -Vs) thelLs=V; (Vcs= -Vs)
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allowed before inserting the inductbr. Additionally, the Table 1

property points out that some placements of the ZCL that d%ASICSOFT—SWITCHlNG TOPOLOGIESFOR A GROUPOF
not allow the application of property 8. DC-DC CONVERTERS

Ill. SYNTHESIS OF PASSIVE LOSSLESS SOFT- Lr locations Cr Total
SWITCHING CONVERTERS Locations
. . . . IFuck L1-1,L2-3, | 10
The topological and electrical properties from Section | 13-3.14-3

simplify the synthesis of lossless passive soft-switching PWM
converters. The synthesis process is described for a group of
single active switch DC-DC converters and may be extended

to converters with more than one active switch. FrorRoost
property 3 and property 7 and the fact that there is only one
active switch, only one ZCL and ZVC provide zero-current
turn on and zero-voltage turn off of the active switch
respectively. The locations of the turn-on indu¢toand the Cuk
turn-off capacitoiCr are described as thasicsoft-switching
topologies for a given hard switched converter. THessic
topologies describe all passive soft-switching circuits
originating from a given hard switched converter. Additional
lossless passive components then need to be included Bk
ensure the energy from the ZCL and ZVC is recovered. THRPOSt
number of additional components and their interconnections
are virtually limitless. However, this paper proposes several —
circuit cells that can take eatfasic topology and realize a S€PIC

L1-1,L2-3, | 10
L3-3, L4-3

L1-2,L2-3, | 26
L3-3, L4-6,
L5-6, L6-6

L1-1,L2-3, | 10
L3-3, L4-3

L1-2,L2-3, | 26

lossless soft-switching converter. The steps in the synthesis ::22 tg:g’
procedure are as follows: ’

Step 1 Take the element intersection of all loops satisfying

property 1. From this set eliminate filter capacitors and thgyck JM_Q@J L1-2,L2-1, | 10
input power source Vs to obtain,d elements where the Quad- N O L L3-1, L4-2,
inductor can be inserted in series. The number of possibiatic o " L5-2, L6-2
zero-current inductor locations is then gl by inserting the | o ¢

inductor on either side so it makes a cutset with the element- - - —
location, the number of possibB/C subcircui is listed.

Step 2 For each inductor location of step 1, identify theFor example, ZCL location one of the boost converter,
locations of the zero-voltage capacitor subcircuit using thibeled L1, has only oneZVC subcircuit placement.
topological part of property 5. Using the subgraph definedherefore, the table entry for this location is L1-1. The total
in property 6, the number of locations can be found byumber ofbasictopologies is also listed for each converter.
defining the number of elements in the subgraph on eitherOnce abasic topology is identified, one or more circuit
side of switch Sas B, and B, respectively. The number ofcells is used to provide the additional circuitry to satisfy all

capacitor subcircuit locations is a follows: the properties. Figs 9 shows two circuit cells that satisfy the
_ pertinent turn-on and turn-off properties and also provides

qoc _(1"' E1X1+ Ez) (1) minimum voltage stress across the active switches (property

These inductor and capacitor subcircuit locations make u§)- Among them, cell | has not been proposed in the
the basic soft-switching topologies. literature. Cell Il can be used to create a soft-switching boost

, converter shown in [5]. In the circuit cellsr andCr are the

Step 3 For each_basic topology match one or more of thec| and zvC to satisfy properties 1 andBs1andCr make
given circuit cells to the ZCL and ZVC subcircuit locations tgp theZVC subcircuit Lr also transfers the energy @r to
ensure the rest of the topological and electrical propertiess cs recovers the energy ibr (property 4) andCr
are satisfied. (property 5). Diode®s1, Ds2, Ds3 transfer the energy iGs

Table 1 describes thmsictopologies for a group of single to the load or energy transfer capacitor each switching period
switch DC-DC converters using steps 1 and 2 of the syntheaisd also satisfy property 8. Fig. 10 shows four circuit cells
procedure. For each hard switching converter, the reasonaile. cells Ill, IV, V, VI) that satisfy the pertinent turn-on and
ZCL locations are shown. The ZCLs are not inserted into tigrn-off snubber properties but do not maintain the minimum
loop between the filter capacitor and load resistor, or alongltage stress across the switch (property 8 not satisfied). For
the ground plane as discussed in Fig. 2. Then for each Zfblese cellsCs is a relatively large capacitor and stores the
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Fig. 11. Synthesis results for the boost converter. (a) location L1-1
(b) locations L2-3 (c) locations L3-3 (d) location L4-1 (e) locations
(d) L4-2.
Fig. 10. Circuit cells using a capacitor to reset inductor Lr. (@he circuit cell is inserted into the converter slightly

Cell 111; (b)Cell 1V; (c)Cell V; (d)Cell VI. differently to adjust for the different inductor location. Fig.
inductor Lr and capacitorCr energy from cycle to cycle. 11d shows one circuit created using inductor location L4 and
ElementsCr, Cs andDs2 comprise theZVC subcircuit Lsis  cell 1. No other placements of the capacitor subcircuit are
relatively large and transfers the energyCsito a subset of possible with this circuit cell. Therefore, Fig. 11e shows the
(C LV9. Cells Il and IV can be used to create converte@dditional twoZVC subcircuitiocations for inductor location
similar to ones presented in [8], however cells V and VI ale#. These locations require two circuit cells. The turn-on
new. All cells in Figs. 9 and 10 become just turn-on snubbeggubber uses a modified version of Cell I (no Cr and Ds1) and
by removing the capacit@r and a diodeDs1 Cells V and the turn-off snubber uses Cell V.
_VI become just }urn-off snubbers by not pla_cing indud_:Ior IV. ANEW SOET-SWITCHING CUK CONVERTER.
into a loop satisfying property 1. Mos$iasic topologies
require only one circuit to provide complete soft switching. Experiments with a new soft-switching Cuk Converter
However, a fewbasic topologies must use two circuit cells,shown in Fig. 12 verified theoretical operations. The
one for a turn-on snubber and one for a turn-off snubber. Cekperimental circuit operated with the following parameters:
V needs a slight modification to work as a turn-off snubbdrs= 100kHz, Y= 50v, \, = 100v, By = 100W,Lr = 4uH,Cr
when realizing twobasic topologies of the Cuk and Sepic= 5nF. Fig. 13 shows the experimental waveforms. Fig. 13a
converters and onéasic topology of the buck quadratic shows the switch voltage and the kurrent. Notice that the
converter. For these topologies the energy transfer capacit&ltage stress across the switch is still 150 volts, the same as
C, is inserted into the branch containidgso it make a cutset the hard switched converter. When the switch turns on the
with Cs. inductor Lr resets theCr capacitor voltage to provide zero-

Fig 11 shows the synthesis procedure results for the bousitage turn off. Fig. 13(b) shows hdw slows the switch

converter. It shows a set of soft-switching circuits, one for

) o ) L1 c1 L2
eachbasictopology. Each circuit provides both zero-current —~~m Iy A
turn on and zero-voltage turn off of the active switch. Seven
of the 10 circuits provide the active switch with the same < D +
voltage stress as the hard switched converter (property 8). [V — c. R
Fig. 11a shows the circuit created using inductor location L1 (j) AE + o Iy Vo o7 %
+ }V‘“

and the circuit cell VI. Fig. 11b shows three circuits created
using inductor location L2 and the circuit cell Il. Each Ves -
different capacitorCr connection creates a differedvC -
su_bcwpun location. _ Fig. 11c shows threg C|_rcuns created Fig. 12. A new lossless passive soft-switching Cuk
using inductor location L3 and also uses circuit cell Il. Here converter.

s1




current at turn on. The small current hump at the start is
attributed to parasitic diod®s1 capacitance that must be
charged. Fig 13(c) shows had@r slows the switch voltage
rise at turn off.

V. CONCLUSION.

This paper studies properties common to all lossless
passive soft-switching converters that achieve the
requirements cited in section llb. Furthermore, property 8

describes soft-switching converters that do not increase the a)

| I

M AN

voltage stress compared to the hard switched converter,
These properties ease the development of a synthesi§
procedure for the creation of new converters. For a number
of ZCL and ZVC subcircuitsa complete set odbasic soft- V.

switching topologies are defined for a given hard switched

converter. This set dfasic topologies describes all passive
soft-switching converters for a given hard switched converter.

(b) (©

Additional circuitry then needs to ensure the energy stored inFig- 13. Experimental waveforms for Cuk Converter. (a) Switching

these passive elements is recovered. The possible number oftYcle: 1:
P P scale: lus/div. (b) Switch turn on. 1:Vds 50v/div; 2: Is 2amp/div;

horizontal scale: 50ns/div (c) Switch turn off. 1: Is 2amp/div; 2:

circuits to achieve this result is almost limitless, however,
they also have many common properties. A set of circuit cells
are then described that can be used to synthesis a family of
soft-switching converters. As an example, 10 soft-switching;
boost converters are given and one soft-switching Cuk
converter was shown with experimental results.
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