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Abstract —Existing Zero-Current Transition and Zero-
Current Zero-Voltage Transition inverters provides
favorable switching conditions for IGBT semiconducbrs
increasing significantly the reactive energy of the
converter. This situation off-set the benefits acaaplished
by abovementioned soft-switching techniques. Thisaper
presents a novel family of Zero-Current Zero-Voltag
Transition inverters that overcome this problem byusing
no resonant tank in the auxiliary circuit. It acconplishes
the favorable soft-switching conditions with a
magnetically coupled auxiliary voltage source whichis
derived directly from the inverter filter inductor.
Theoretical analysis of the inverter operation is pesented
and it is verified experimentally from a 1kW, 40kHz
laboratory prototype. The obtained experimental reslts
prove the reliability of the proposed family of ZC2V/T
inverters.

Keywords - Inverter, Soft-switching, Zero-Current
Transition, Zero-Voltage Transition.

I. INTRODUCTION

that constrain its total power handling capabilg}; In order
to alleviate the IGBT switching losses and thussém the
aforementioned trade off, soft-switching techniques
constantly discussed in the past decades, seene tanb
attractive alternative [4].

Due to the IGBT turn-off switching limitations, tt¥ero-
Current Transition (ZCT) [5,6] and Zero-Current @er
Voltage Transition (ZCZVT) [7,8] techniques appearthe
most adequate approaches. The ZCT technique elbesitiae
current and voltage overlapping completely during turn-
off process, providing favorable conditions for anamity
carrier type device to be turn-off. In the ZCT inees the
reverse recovery of diodes also can be reduceertieless,
voltage transitions across the semiconductors aite dike
hard-switching devices. The ZCZVT technique combine
Zero-Current switching turn-off conditions and Zé&foltage
switching turn-on conditions for the same deviesjucing
IGBT losses and improving EMI performance. Nevdess,
the price paid for such favorable switching comufit is the
addition of a resonant auxiliary circuit that yigldn
additional reactive energy [9]. This energy is Haddy the
auxiliary devices which result in additional contion and
switching losses. To effectively improve the ineert

The rise of switching frequency in industrial powerefficiency it is necessary that additional losses the

inverters provide significant reduction of physicaize,
weight and cost of reactive elements, as well astetal
performance enhancements [1]. To achieve

characteristics it is required fast semiconducevickes with
low switching losses. As semiconductor technolodiesl
improved through the years, the MOS-bipolar transisuch

auxiliary circuit to be smaller than the saved mdavices
switching losses. The auxiliary circuit for ZCT ad@€zZVT

SUCfhverters presented hitherto relay on the operatibna

resonant LC tank that produces a huge amount afivea
energy that may offset the inverter efficiency gairis
situation reduces the advantages of using sofehinig

as the Insulated Gate Bipolar Transistor (IGBT) hagechniques such as ZCT and ZCZVT.

becoming predominant in many industrial applicagiofhe
IGBT is a result of the combination of MOS and bgro
structures in the same device [2], yielding a \gstariven
device with low on state losses, low switching éssand a
high current capability.

Despite of continuous technological improvements t
IGBT still far from the ideal switch characteristicAfter a
number of generations the IGBT still presents aedraff
between on state voltage drop and turn-off switghime,
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In order to contribute to the development of theZxT
technique, this paper presents a novel family ofZ¥T
inverters with lower reactive energy. To achievechsu
advantage the resonant tank is replaced by a maaglhet
implemented auxiliary voltage source that providbe
necessary energy to magnetize auxiliary inducteryetime
a main switch commutation takes place. The nagedVT
inverters with magnetically coupled auxiliary pgeoduce a
linear like current with small resonant intervatatt ensures
limited dv/dtand losses.

This paper is organized as follows. Section lladtrices a
generalized concept for resonant transition corverbased
on the Auxiliary Source Concept applied to a hyptital
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Resonant Transition PWM inverter. Section Il déses a
synthesis methodology for the resonant transitioreiters.
In Section 1V, a Class of magnetically-coupled #ary pole
ZCZVT inverters is presented and analyzed. Sectbn
presents the experimental results. Finally, Sectigh

presents the conclusions from the analysis and the

experimental results.

II. AGENERALIZED CONCEPT FOR RESONANT
TRANSITION CONVERTERS

A generalized concept concerning the Resonant i@ms

technique can be defined assuming that any Resonant

Transition inverter presented in the literature cha
represented by the simplified circuit diagram, aeven in
Figure 1. A hypothetical Resonant Transition PWMeirier
is a network M for which assumptions Al through &4
satisfied:

Assumption Al: “Any Resonant Transition Inverter
provides an alternative low impedance path to tbadl
current during one or both commutation processeshef
PWM pole”.

Assumption A2:“The auxiliary low impedance path is a
network N that consists of only the following elatae

1. An ideal current source (1) that plays the role thé
inverter load current;

2. A dependent voltage sourcefvthat represent the
voltage across the load. The voltage vxy is dep@note the
switching function applied to the PWM pole. In otherds
it is a function of the inverter modulation. To plify the
analysis it is defined for only one switching pdriostead of
the whole modulation period as,

Yy =V [l p(t-t)+u(t-t)]

3. A dependent voltage source vaux that plays theable
the Auxiliary Voltage Source (AVS).

4. At least one commutation inductor that directly @ibs
or delivers energy (current buffer) to the PWM lgasi
building block ensuring Zero-Voltage and or Zerorf@mt
switching for the main semiconductors of the pole”.

Assumption A3: “The power flow through the
commutation inductor is achieved by means of thigrobof
vaux. The control variabledj or ) for v,,, depends on a
set of elements that can comprises switches, wamsfrs,
inductors,  coupled-inductors,  capacitors,
independent current and voltage sources”

Aiming to simplify the future analysis, vaux is asged to
be a voltage-controlled voltage source (Figurea®)well as

the proportionality constantt that relates the voltage across

its terminals is assumed to be unit. Thug, =WUuV,,
becomesyv,,, =V, .
Assumption A4:*The dependent voltage sourcgyv(or

its control variable ¥) can be presented as a Class A AVS;

as a Class B AVS; or a Class C AVS

From the generalized concept concerning the Resonanpiscontinuous

Transition technique described above, the assonmif the

switching techniques (ZCT, ZVT and ZCZVT) with the

conceptual definitions (Function, Class and Forme) given
in Table I.
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Fig. 1. Basic Resonant Transition PWM Block. (a) WHVM
switch realization; (b) With dependent voltage sesr
simplification.

AVS
Class A/B/C

Fig. 2. Basic Resonant Transition PWM Block with ategé-
controlled voltage sourog,, realization.

It can be seen that the concept of AVS classesdbase
[10] is assessed. The Function (or math functionyides a
broader concept; meanwhile tBéassandForm concepts are
closer to the actual circuit behavior and thusyig® more
insight to the circuit structure and functionality.

A. The AVS circuit structure and operation principle
There are only two basic mathematical functions taan

fully represent the resonant transition mechanisan,
continuous (co-)sinusoidal time varying functiaand a
discontinuous step functiohese functions produce the two
essential classes of Auxiliary Voltage Source (AVi@med
Class A that are characterized byteep waveformandClass
C, that is characterized by(eo-) sinusoidal wavefornit can
be seen by inspection of Figure 3 that a third €lasmed
Class Bcan provide an AVS to assist only the fingf
transition, which means that it can only be usedpfoduce
ZVT inverters. The AVS theoretical waveforms aretfed
in Figure 4.

Differently from the DC-DC or single-phase PFC

resisiors converters, where a current unidirectional auxflieircuit is

used and the concept of the AVS Classes is sufficie

TABLE |
Generalized Resonant Transition Concept and
relationship.
Math él\gs Form Family of Soft-
functions of AVS (Vauwy) switching
(Vaug)
Stepped ZNT ZCZVT
waveform 7ZCT
stepped
pp B Constant 2T .
waveform
_Continuo_us Co-Sinusoidal VT 7CZVT
time varying waveform
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Fig. 3. Region of valid values for tiwg,, function, according to the
waveforms o, i_.. (a) Positive load semi-cycle; (b) Negative
load semi-cycle.

vaux

reproduce the actual circuit behavior of the cisuithe
current bi-directional auxiliary circuits employely the
Resonant Transition Inverters are more complex,
described below.

1) Co-sinusoidal function based AVS (Class CJrhe
structure of the Class C AVS presents can be gbupéno
parts, the feactive elementsand the %xcitation sourcé
(Vexd- These feactive elementsare basically inductances
and capacitances (resonant tankCp that store energy to

|

~Y
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~
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Lt
Class A - AVS

Class B -AVS = -
Class C-AVS — — —

Fig. 4. Basic AVS waveforms for classes A, B ando@sidering a positive
load current, according to Fig. 3(a).

energy (Figure 5(a)) [11]. The,. is comprised by a set of
constant voltage sources £ Va,) and the auxiliary pole
S.-Sao- This pole can be realized with two active [5] ideg

or with an active and one passive switch [12]. St §;
and S, operate in such way that the voltage at the teamin
‘t’ can change its value and so, the resonance prd\igt the
resonant tank tC, can vary its characteristics. This active
Vexc IS explored by ZCT inverters in order to improve
switching conditions for the some [13] or all [5]
semiconductor devices. Alternatively to the activg where
the switches §S,, commutate during the auxiliary circuit
operation, the passiwg,.is used just to trigger the auxiliary
circuit. In this approach, generally used in ZVpatogies
[11], the state of the switcheg;@nd/or S, is held until the
end of the PWM pole commutation process. It must be
highlighted that, despite of a passive or actiegcftation
sourcé be implemented, the main characteristic of the
continuous (co-)sinusoidal time varying functioAVS
(Figure. 5(a)) is that no discontinuity in the (SdRusoidal
voltage () is presented.

2) Discontinuous Step based AVS (Class Ajor the
agdiscontinuous step function AVS thesactive elementsare
no longer necessary. Although, thg,. present a more
complex set of voltage sources, its associatiom &ifull-
controlled auxiliary pole (Figure 5(b)) or two semi-
controlled auxiliary poleqFigure 5(c)) directly handles the
voltage across the commutation inductor. For theg
implemented with two semi-controlled auxiliary pelthere
is an individual set of constant voltage sourceg{Wazp

commutate the main PWM pole. In some ZVT circuits,and V.3 for the positive-cycle of the load and anotheg;(V

voltage clamps are employed to limit the resonapacitor

Van and Vi) for the negative-cycle of the load. The

TABLE Il
Symmetric configurations and restrictions for the aixiliary voltage sources.

Config. VAuxiliary VciI/tage Sourc\?s | >0 and $¢/Da | <0 and SJ/Das
a1 a2 a3 v,, =0 Vy =V, v,, =0 Vy =V,
1 £0 -0 -0 Vv, >0 Vay>-V, -V, >0 Vy >V,
V, <V, Va<Vi—V, -V, <V, Vy<Va-V,
) -0 40 £0 V,,>0 V,, >V, -V, >0 V>V,
V,; <V, Vs <V, -V, -V, <V, Vi <Va—V,
3 £0 20 20 Va*Vp >0 Vaa + Ve >~V ~(Va tVa) >0 (Vi * Vo) > -V,
V, +V, <V, Vy Vs >V, V, =V + Vi) <V, ~(Vu +Vy) <Va- v,
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Fig. 5. Circuit diagrams for the AVS Classes. (a)s€l&; (b) Class
A with full-controlled “excitation source” and Ca8; (c) Class A
with semi-controlled “excitation source”.

restrictions that ensure the right operation of @lass A
AVS are derived in [14,15] for the six possible
configurations of th&lass AAVS. Table Il shows the three
symmetric configurations, as well as the restritdidor the
corresponding voltage sources,{\W,, and \;3). Assuming
positive-cycle of the load, only one of the constanltage
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sources (Y Or Vapp is required to the proper operation of
the circuit. In the same way, the negative-cyclehaf load
only (Va1n0r Vaop) is required. Nevertheless, the combination
of the three voltage sources provides a familyopitogies
(as shown in Table Il). As one can see, the pasarivf the
voltage sources (Mp Vazp and Vig) is exactly opposed to
the polarities of the voltage sources{yYVanand Vs, this
implies that bi-directional voltage sources,{Wa, and V3
with stepped functions can be used to simplify @ass A
AVS as shown in Figure 5(b). The restrictions ftwe t
symmetric configurations of th€lass AAVS are shown in
Table 1l and are valid for both excitation source
implementations.

3) Discontinuous Step based AVS (Class Bhe Class B
is characterized by eonstant waveformabtained from a DC
voltage source. Therefore, making use of a passiyveand
an arrangement of constant voltage sources as sfasen in
Figure 5(c) without (M, Va2 and V), aClass BAVS can be
obtained. Hence, thélass BAVS can be seen as a particular
case of theClass A where a passive,.is used.

This Section discloses that the relevance of éheitation
sourcé concept for the Resonant Transition inverters and
also demonstrates that considerable improvementthen
AVS implementations are achieved enhancing theitation
sourcé characteristics.

It becomes clear that depending on thecitation source
action, the same circuit structure for an AVS caavie
different Classes and Resonant Transition techsiq&er
instance,Class CZVT and ZCT shares the same circuit
structure, nevertheless the ZCT activexcitation source
and the ZVT passive “excitation source” drive these
techniques to different characteristics. On theeotand, a
Class A ZVT or ZCZVT inverter employ an active
“excitation source” that is very similar to theaiit structure
of theClass BZVT with passive &xcitation sourcé

Ill. SYNTHESIS OF GENERALIZED RESONANT
TRANSITION INVERTERS

According to Table | the ZCT Resonant Transition
converters family make use otantinuous time varying (co)
sinusoidal functionto establish the resonant transition
mechanism, which is classified a€kass Cauxiliary voltage
source (AVS) oW, TheClass CAVS is capable by itself
to provide the charging and discharging polarityrductor
L., nevertheless it also uses a full-controlled exitin
source Vex9 that also can provide the charging and
discharging polarity to L It results in an extra degree of
freedom that is used for producing different coteer
switching strategies. Nonetheless the price paid siach
redundancy is a higher reactive energy that ine®as
conduction losses.

By Table | it is clear that there is an opporturidyexplore
the discontinuous step functioto establish the resonant
transition mechanism in ZCT and ZCZVT converters
(shaded cells).

The main advantages of using the so calléass AAVS
is two fold, the first one is avoid the reactiveeryy
associated to the resonant process that characteslass

Eletronica de Poténcia, vol. 15, no. 2, Maio de 2010



C AVS; the second is to make the conduction los$ebe
auxiliary circuit to be proportional to the loadrent.

The challenge to implement ti@ass AAVS to ZCT and
ZCZVT inverters is to obtain the required voltagaukes
(Vaipn Vazpn and \ig,) for the two semi-controlled
“excitation sourceimplementation or (\, Va,, and V43 for
the full-controlled €xcitation sourceéimplementation.

A. Auxiliary Voltage Sources Implementation

The utilization of magnetic elements to perform the

auxiliary voltage sourcesV{;, Vg, and V,3) allows the
inversion of polarity necessary to implement thdl-fu
controlled ‘excitation sourceé ensuring simplicity,
ruggedness and compactness to the auxiliary cirdiie
magnetic realization 0¥,;, V. andVg; consist on the use of
a single magnetic core with a primary winding fanmia
closed loop with a voltage source and one or mecersdary
winding(s) that play(s) the role of each auxiliargltage
source. The location of the primary winding produice
variety of topologies by exchanging the primary avirg
among the terminals of the diagram of Figure 1(&}the
primary winding is connected between termindland ‘u’,
the voltage at each secondary winding will changmeding
to the main PWM pole commutations, Figure 6(a) Ife®
and Figure 6(b) for 1<0.

IV. A CLASS OF MAGNETICALLY COUPLED
AUXILIARY POLE FOR ZCZVT INVERTERS

SKAD, S.Kpk

V., | L

u
= AT
<
lLa

S.AD,, S Kok

&

Fig. 7. Novel magnetically coupled auxiliary comated pole
applied to on inverter leg.

Figure 8. It can be seen that the auxiliary cir@xhibits a
linear like current that grows up when auxiliargliictor Ly
is magnetized, deviating the main circuit currend @lso a
linear like current when the demagnetization tgiase. The
resonant intervals are restricted to the chargedscharge
of snubber capacitor,C

The description of each circuit mode for the switgh
turn-on process is as follows.

Mode | (to,ty): At instantt, the auxiliary switch § is
turned on and current start to ramp up through lianyi
inductorL,. Due to the connections of primary and secondary

By means of the novel synthesis methodology preskent coupled inductor windings, both currents increages.the

in Section IV, a new family of ZCT and ZCZVT invers
can be disclosed. These inverters are implemeniéd av

secondary winding current rate of ridiédt is larger, current
through main diode Pdecreases proportionally. This mode

Class A AVS, which make them unique. Furthermote, ilasts until current through diode,@o be zero. This circuit

allows a set of advantages presented only for ZWErters
hitherto, such as variable timing control for thexidary
switches and simple design methodology.

The diagram for a novel ZCZVT Class A inverter igad
leg is depicted in Figure 7. This diagram represethie
Configuration 1 of Table Il. Its main features attee
simplicity of the coupled inductor with only two mdings
and the natural voltage clamp for the auxiliarytshés.

A. Principles of Operation

Assuming that load current is flowing in positivieedtion
the ZCZVT inverter with magnetically coupled auxily
pole assumes twelve different circuit modes in sweching
period, as shown in the theoretical waveforms shamwn

2(on) SZ on D S

Zion) 1(on) 1(on lioui
A B B2
|B;1/ \B2 = A/ N
Vg— V., —-
vo— ¥

(a) (b)
Fig. 6. Waveforms for the primary winding ang. (a) I1>0; (b) I<0.

Eletronica de Poténcia, vol. 15, no. 2, Maio de 2010

mode diagram is shown in Figure 9(a).
Modell (t3,t)): When diode D is off, capacitor G starts
to discharge (G discharges) . This resonant process between
voltagevcs and current , lasts until G; to be fully discharge.
At this instant {3) current through both windings reach their

S,
e BV (5!
y

I (t)
e v

1

s

l\:_’t

E 1:’52(‘[) i
i LN ¢

t7 f81:9\1:10 tll

Fig. 8. Theoretical waveforms for the ZCZVT inventgth
magnetically coupled auxiliary pole.
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Fig. 9. Circuit mode diagrams for the ZCZVT invenigth magnetically coupled auxiliary pole.

maximum value, as shown in the circuit mode diagranibe driven into the on state. This circuit mode diag is
depicted in Figure 9(b).
Mode Il (t,,t3): When voltageves reaches zero, current  Mode IV (t3,t): When S is fully turned on, auxiliary
through secondary winding is larger than primarydimng
current, forcing the main diode ;Dstarts conducting the inductorL,. At this instant, auxiliary diode B turns on. It
difference between these two currents. This sitmaginables can be seen that current through primary and secgnd
Zero-Current and Zero-Voltage switching conditidnsS;.
As voltage across inductok, still positive, currenti g
remains growing. This interval must last until maimitch S

130

shown in Figure 9(c).

switch S is turned off in order to demagnetize the auxjliar
windings decreases at different rate of fali/dt). Until
secondary winding current is larger than primargjmdiode

D; conducts their difference. This circuit mode lasttil
current to be zero. This circuit mode diagram isve in

Eletronica de Poténcia, vol. 15, no. 2, Maio de 2010



Figure 9(d).
Mode V (i4,t5): At instantt, primary winding current is
larger than the secondary winding current, hence switch

operate in a small time interval that is proporéibto the
load current, thus the auxiliary switch curreningtis quite
small compared to the main switches.

S, starts conduct the current difference between ethes

currents. This mode lasts until secondary windingrent

C. Limited Voltage and Current Transitions

reaches zero and switch &sume all load current, as can be Both ZCT and ZCZVT techniques presented hithertayre

seen in Figure 9(e).

ModeVI (ts,t5): At instantts current through the auxiliary
circuit is zero and the inverter operates likewitse hard-
switched counterpart , as shown in Figure 9(f).sTRWM
mode lasts until the main switch tBrn-off process starts.

The description of each circuit mode for the swigh
turn-off process is as follows.

Mode VII (te,t7): At instantts the auxiliary switch g is
turned on and current start to rise up through leunyi

on resonant currents to commutate the PWM pole
semiconductors [5], [7], [16]. In these topologi&s,ensure
that lowdi/dt is applied in these semiconductor transitions, a
long resonant period must be considered to thelianxi
resonant components. This situation yields in eacerbated
circulating energy and an extended operating ialeiar the
auxiliary circuit. In the linear like currents dig auxiliary
circuits of proposed inverter the lodi/dt transitions are
handled more effectively, just by choosing the tigh

inductor L, in a linear fashion. Once again primary andinductance forL,, which is magnetized right enough to

secondary winding increases with different rate risks,
which diverted the current from switch, ® the auxiliary
circuit. This mode lasts until primary and secogdainding
currents to be equal. At this instant current tigfoumain

switch § become zero, as can be seen in the circuit diagram

shown in Figure 9(g).

ModeVIll (t4,tg): Once current through secondary winding
is larger than primary winding current, at instgndliode O
is turned on conducting the difference between ehgo
currents. This circuit mode enables Zero-Curremt Zaro-
Voltage switching conditions to switch.SAs voltage across
inductor L, (secondary winding) still positive, curremnt,
remains growing. This interval must lasts until maivitch
S, to be driven off completely. At instatg, primary and
secondary winding currents reach their second maxim
value. This circuit mode diagram is shown in Fig@¢ie).

ModeIX (tg,tg): Similarly with Mode IV, when $ is fully
turned off, the auxiliary switch ,$is turned off. At this
instant, auxiliary diode B turns on and auxiliary inducta,
demagnetizing starts. This mode lasts until maivdei D
current to be zero and its circuit mode is showrFigure
9(i).

Mode X (to,t10): When diode Ris off, capacitor G starts
to charge-up in a resonant way. This resonant psoce
between voltag®cs and current,, lasts until G; to be fully
charge at bus voltagé. This circuit mode diagram is shown
in Figure 9(j).

Mode XI (t10,t17): When voltage/cs reaches/;, currenti,
decreases linearly until it become zero. The diagod this
circuit mode can be seen in Figure 9(k).

Mode Xl (t;3,412): At instant t;; current through the
auxiliary circuit is zero and the inverter operaikswise its
hard-switched counterpart. This PWM mode lasts| uhg

realize the ZCS conditions of the outgoing PWM pole
switch.

V. EXPERIMENTAL RESULTS

In order to verify the theoretical analysis present
hitherto, a laboratory prototype of a single-phaserter, as
shown in Figure 10, is implemented. The parametéthis
prototype are described in Table Ill. The singlegs
inverter synthesizes a 124V that feeds a 1kW resistive
load, as can be seen in Figure 11(a). The mairaariiary
semiconductors are implemented with 2-pack IGBT
modules, ensuring the modularity of the set-up.t8weis $

e

v,
I
== w JL)
D, b

SafZ | S
Efﬂ- L

Fig. 10. Diagram of the Novel single-phase H-bridgZ VT with
magnetically coupled auxiliary pole inverter.

main switch $ turn-on process starts. This circuit mode

diagram is shown in Figure 9(l).

B. Minimum Voltage and Current Stresses

Differently of the ZCT inverters [5], [16] and tl&CZVT

[7,8], it can be seen by means of Figure 8 thatagal and

TABLE Il
ZCZVT prototype experimental parameters.
Parameter ZCZNT
Vil Vo 250 Ve / 127 Vrus)
Po /T 1,0 KW /40 kHz
L ( Lw) / C (filter) 0,93 mH(Ly) / 2 x 20 uF
S$S$SS SK45GB063
S, Se SK45GB063
N (n/ny) 0,42 (18 turns/45 turns)

current of the main switches in the ZCZVT invertevith

Li1, L (leakages) 24,9puH / 4,7pH

magnetically coupled auxiliary pole are essentigityare-

L. (aux. inductor) 4,7pH (L)

waves. As main semiconductor devices are subjectatb

Cq (aux. capacitor)* 4,7 nF

additional stresses, they can be rated as the dwatdhed

Rsn1,2/ Csn1.2/ Dsn1.2 100Q / 4,3 nF / UF5406

counterpart. Similarly, the auxiliary switches aated for the

Spike killer SA 14x8x4.5 (8 turns)

bus voltage as well as main switches. On the dthad, they
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* In the ZCT prototype G0.
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magnetically coupled auxiliary pole inverter prefms.

et ]
b 1
S

and $ commutate at 40 kHz and are assisted by the auili S TN PO O O ECE I T
switches § and G, respectively. The zero voltage and : s
current conditions for Scan be observed in Figure 11(b). It B 1 ]
can be seen that bottii/dt anddv/dtacross the main device :ﬂi--m - -~
is limited during the switching intervals. The ctegb i B e | ]
inductor is implemented with a two windings Ferri- § I (no overlaping] ]
69/33/52 core. As the current through the outgalingle is S @ wo.cs T
always zero before commutations the value of theblser S -~
capacitor Gis only defined by the maximum allowatde/dt EG“E T MaAnkand. . ]
of the main switches. For the IGBT, the snubbecipr G - \ 0 L LA M it
can be made as smaller as possible, in order taceethe ¥
ringing of its voltage and current probe parasitductance. . ¥ I g
Figure 12 shows comparative waveforms for the main E E;';
switching turn-on and turn-off waveforms fo4& nFand a RN RN A ”“E‘I‘” "
zero G capacitance. It is ease to see that main switddit : T
much higher with no parallel capacitor, in bothrnton N " AR AN
Figure 12(a) and turn-off Figure 12(c). Neverthsles @ : ]
current lower frequency resonance is more perceivetie g !\ ]
presence of ¢ as can be seen for the turn-on Figure 12(b) ”(‘d)”\‘/\}”‘(‘:s R
and turn-off Figure 12(d). These characteristicdl Wwe Scales:vee — 10V/div;iq — SA/IV; vo — 50V/div; time — 500ns/div.
decisive in the EMI performance of the inverter. ] ) . ]
The auxiliary switching § waveforms are analyzed in Fig. 12. Expgrlmental waveformg of the sllngle-phE@ZVT with
Figure 13. In spite of a short current spike duette magnetically coupled auxiliary pole inverter profu.
discharge of its turn-off RCD snubber, the currémbugh
S.1 presents a linear like form, ensuring low reactvergy
during the turn-on process of main switch FBgure 13(a).
Similarly, Figure 13(b) shows the auxiliary switchy;
waveforms during the turn-off process aof 8 can be seen
that the current rises up linearly until the switchns off.
The discharge of the turn-off RCD snubber durings th
process is almost meaningless, once right afterh&l

assumed the load current, almost whole energydsioréhe
auxiliary turn-off snubber to be regenerated to tbad
through S.

In order to access the gains of the proposed ZCzZVT
inverter an experimental comparative analysis afea of
laboratory prototypes was carried out. For thislyis, the
DC bus voltage has been implemented with a thresseh
bridge rectifier and a step down transformer, poity a
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Fig. 13. Experimental waveforms of the single-pha€&VT with
magnetically coupled auxiliary pole inverter profmt.
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Fig. 14. Experimental efficiency curves.

360V DC voltage. The efficiency curves are showfigure
14 for three different prototypes. The ZCZVT inerivas
compared to a dissipative Undeland snubber inventer a

the slightly lower auxiliary current stress. The 2200
prototype achieved 94.2% of efficiency at full loadd the
ZCT prototype presented a slight high efficiencghiaving
95.5% at full load. The prototype of the Undelangeirter
presented the lowest efficiency among all expertaden
prototypes, which proves that the ZCZVT inverterthwi
magnetically coupled auxiliary pole is a strong didate to

replace the hard-switched and conventional ZCT and
ZCZVT inverters.
VI. CONCLUSIONS
This paper presented a simple, novel and unique

methodology to analyze the Resonant Transition riecie
mechanism. It presents a qualitative analysis whiatarried
out based on the auxiliary voltage source (AVS)cemt.
Employing this concept to the resonant transitiam-on
(zVvT technique) and turn-off (ZCT technique) the
requirements of the resonant transition mechanizarof
voltage and zero-current) are identified, allowiag easy
way to perceive their main characteristics and thtions.
The qualitative analysis split the Resonant Traosit
converters into two main classes of convertersiirction of
AVS: (i) the continuous time varyingAvVS and (ii) the
discontinuous AVS resonant transition converters. As
demonstrated in the paper, the resonant transémalysis
can be used as a synthesis methodology of novelectans.
Furthermore, the qualitative analysis reveals thate is an
opportunity to generate two entire classes of caavg the
Class A ZCTand theClass A ZCZVTonverters. Th€lass A
(discontinuous AVS) permit to the ZCT and ZCzVT
converters hold features only presented by ZVT edevs
before, such as variable timing control, low reaxtenergy,
simple control, etc..

To illustrate the usefulness of the proposed Retstona
Transition Concept, which analysis reveals thatethie an
opportunity to generate a entire family of convestdased
on theClass AAVS, the Novel ZCZVT inverters with non-
resonant auxiliary circuit are derived. Tilass A AVS
permit to the ZCZVT inverters hold features onlggented
by ZVT inverters before, such as variable timingtcol, low
reactive energy, simple control, and so on.

Theoretical analysis is verified by means of experital
results obtained from laboratory prototypes ratédLidwV,
40kHz. The results proved the feasibility of theveio
inverters, allowing the main semiconductors to apemwith
Zero-Current and Zero-Voltage switching conditions.
Furthermore, the auxiliary switches present a linkiee
current shape, which amplitude varies proportignaith the
load current. It also must be paid attention thmbdequate

ZCT inverter (G=0). The choice of using the snubber ofdesign of the auxiliary components should be ingrdrto

Undeland is twofold, first it is more efficient thaan
ordinary RCD snubber and it can represent the tiperaf
the Inverter without the ZCZVT auxiliary circuitrsie the
hard switched prototype was not feasible at the ggoand
frequency specifications. On the other hand, theTZzC
prototype has been chosen in order to evaluaienfiact on
the efficiency. It can be seen that the ZCzZVT amdTZ
prototypes presented better efficiency than that thod
Undeland prototype for the entire load range, nyathle to

Eletronica de Poténcia, vol. 15, no. 2, Maio de 2010

the EMI performance of the prototype.
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