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Abstract — This paper proposes a methodology to de-
velop integrated auxiliary soft-switching cells for con-
verters with multiple poles. The integrated cells obtained
are a result of a combination of two cells from the same
soft-switching (SS) technique or even of cells from differ-
ent techniques, originating hybrid cells. The resulting
cells present fewer components, are lighter and present
smaller volume than the conventional ones. Experimental
results are provided in order to demonstrate the concepts
proposed in this paper.

Keywords — Soft-switching, inverters, multi-pole sys-
tems.

I. INTRODUCTION

The role of power electronics experts is to continue to ma-
ture technology as the industry evolves and converters’ re-
quirements become more demanding. Among the require-
ments are the search for converters more compact, lighter
and which present better performance and control ability.

The application of high frequency operation on the con-
verters and systems of converters helps to afford today’s se-
vere industry requirements. On the other hand, there are side-
effects, such heating due to the efficiency degradation caused
by the increase in the switching losses. As heating increases,
the need of larger heatsinks increases as well, what can jeop-
ardize the small volume and weight achieved by the high
switching frequency.

The trade-off mentioned can be avoided basically by using
modern technology semiconductor devices (not yet available
worldwide) or by using soft-switching techniques [1]-[7],
what increases the amount of components needed to imple-
ment the converters.

The choice in favor of soft-switching is made due to the
improved power device utilization as a result of the reduction
in the turn-on and turn-off energy loss. Besides, it is possible
to realize low conducted EMI levels, as compared with their
hard switching counterparts mainly due to the low dv/dts pre-
sented by some techniques.

When the subject is multiple pole systems, most of the re-
searches in the soft-switching field propose to apply cells
originally developed for single pole converters [10],[11] in-
stead of developing new ones for multiple pole systems. This
occurs mainly due to the simplicity of single pole cells when
compared to multipole ones. This approach results in soft-
switching cells with a large amount of extra components.

Integrated soft-switching topologies have fewer compo-
nents and this way, the resulting structure is more compact,
cheaper and can be more reliable as a result of the smaller
component count, making them more attractive. On the other
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hand, they may introduce synchronous switching require-
ments and more complex modulation techniques.

One characteristic present in most of the soft-switching
cells is that they need the injection or the removal of current
from some device of the main/auxiliary circuit. For instance,
considering a boost converter with a ZVT or a turn-off snub-
ber cell, it is needed to discharge the capacitor in parallel
with the main switch by means of a branch which draws cur-
rent from it. Thus, since several soft-switching techniques
present the need of injecting or drawing current and these
needs are complementary, the current can be drawn from a
cell and this same current can be injected into another cell,
i.e., these two functions can be combined generating a new
integrated soft-switching cell, minimizing the global energy
necessary for the commutations when compared to individual
cells.

In this paper it is developed a methodology to integrate
the auxiliary cells of several soft-switching techniques for
converters with multiple poles since thus far there are only
works that aimed to integrate ZVT cells [8],[9].

By verifying all of the possibilities of interaction between
several soft-switching techniques, the approach presented al-
lows to generate new soft-switching integrated cells. These
cells are a result of a combination of two cells from the same
soft-switching technique or even of cells from different tech-
niques, i.e., hybrid cells. The integrated cells obtained pre-
sent fewer components since some of these components are
shared between the two cells, as well, it is expected better ef-
ficiency since there is only one energy transfer per switching
cycle, instead of two as it occurs for individual cells. Be-
sides, since several soft-switching techniques can be applied
to a multipole system, it can be applied the technique which
the features fit best to the semiconductor devices and to the
current, voltage and frequency ratings of each pole of the
system considered.

The literature available so far disregards the possibility of
the integration of ZCT, ZCZVT, turn-on snubber, turn-on
and turn-off snubber, etc converters. Besides, there is no
work considering the integration of different soft-switching
techniques. However, researches have succeeded on the mat-
ter of developing integrated ZVVT power converter topologies
[81,[9]. The main goal of this work is the integration of soft-
switching cells with different operation features aiming to
take full advantage of the characteristic benefits of each soft-
switching technique, which is an approach that the literature
still lacks and for this reason is investigated herein.

Initially, the models for several soft-switching techniques
are derived. These models represent the basic operation prin-
ciples of each technique and present the elements needed to
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implement each technique. From the analyses of the obtained
models, it is easy to verify every integration possibility in or-
der to obtain integrated soft-switching cells. Then, the com-
ponents redundant can be eliminated resulting in more com-
pact structures.

The constraints that guarantee that each system of con-
verters obtained operates adequately are commented and are
a result from the analyses and the methodology presented
herein.

The approach presented in this paper is useful for systems
with multiple poles such as, inverters, UPSs, etc.

Section Il presents models for the soft-switching tech-
niques for a bidirectional single pole. In Section Il the basic
approach for obtaining integrated soft-switching systems is
shown. Section IV presents the analysis of two-pole convert-
ers generated by the approach presented in Section Ill. Fi-
nally, Section V presents some experimental results.

Il. TOPOLOGICAL MODELS
FOR SOFT-SWITCHING TECHNIQUES

In this section are presented the models for the basic con-
verters of the following SS techniques: (i) Turn-ON Snubber
— TONS; (ii) Turn-OFF Snubber — TOFFS; (iii) Turn-ON
AND Turn-OFF Snubber — TON&TOFFS; (iv) Zero Current
Transition — ZCT; (v) Zero Voltage Transition — ZVT; and
(vi) Zero Current and Zero Voltage Transition — ZCZVT.

By means of the analyses of these models it can be deter-
mined the fundamental elements for each SS technique and
which ones are optional. These last ones are responsible for
the topological variations within determined technique.

A. Turn-on Snubber

In order to turn on a switch with a finite di/dt it is needed
an inductor placed in a series connection with this switch.

This series connection presents a difficulty related to the
demagnetization of the inductor when the switch is turned
off. Consequently, there must be a loop which contains this
inductor and an element which presents the characteristics of
a voltage source, responsible to demagnetize the inductor by
applying a voltage on it with the adequate polarity. This way,
this element is graphically represented by a controlled volt-
age source. Moreover, the auxiliary loop must present a way
do disconnect the voltage source to allow that the voltage
over the inductor can vary freely during its magnetization.
The model obtained is shown in Fig. 1(a).

The different ways of implementing the voltage source E,
result in the topological variations of the turn-on snubbers.

The inductor L, must be demagnetized during the period
that the switch Sy, is turned off. Then, there is a trade-off be-
tween the value of E, and the period during which Sy, is in
the OFF state, as shown below.

VLsa = Lsa AI/At (1)
E.=La It/TSIa_Off_Min )

B. Turn-off Snubber

In order to allow a semiconductor device to turn-off with a
limited dv/dt it is necessary to have a capacitor in parallel
with this device. The energy stored in this capacitor must be
drained before the switch turn-on to reset the capacitor for
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Fig. 1. Models for the soft-switching techniques.
the next operation cycle. As a result, some device which pre-
sents the characteristic of a current source must form a loop
with the capacitor in order to provide its discharge.

Besides, there must be some device to avoid the dissipa-
tion of the energy stored in the capacitor on the switch junc-
tion when it turns-on.

The model for the turn-off snubber is shown in Fig. 1(b).

As commented, the capacitor Cs;2. must be completely
discharged. The current that must be removed from it is
given by,

Icsi2)a (t)= %(qul(Z)a ) =Csy20 %(VCSl(Z)a ) ©)

Integrating both sides of this equation and since Ves1a=Vyy,
it can be obtained,

tf
_[0 ICsl(Z)a (t) dt = Csl(z)avzy (4)
This equation shows that the amount of current to be re-
moved from the capacitor is proportional to the DC-bus
value and to the capacitor value. Moreover, it makes evident
that the waveform of the current can be of an arbitrary shape.

C. Turn-off and Turn-On Snubber

To allow a semiconductor device to turn-off under a finite
dv/dt and to turn-on with a controlled di/dt two elements are
necessary: (i) a capacitor in parallel to it and (ii) an inductor
in series with it, as discussed formerly.

A topology which presents both of these features can be
obtained by the combination of the topologies that present
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these characteristics individually. Then, the resulting topol-
ogy, Fig. 1(c), will present a capacitor connected in parallel
with the switch plus a current source to discharge it and an
inductor in series with the switch plus a voltage source to
demagnetize this inductor.

The conditions to demagnetize the inductor are the same
as those commented for the turn-on snubber. On the other
hand, the energy stored in the capacitor Csy), is greater than
in the case of the turn-off snubber due to the absence of
clamping of this capacitor, as defined by,

VCsl(Z)a_Max =Vy+y Lsa/Csl(Z)a L, ®)

Where Ve )a_max 1S the maximum voltage of Cgypya.
Substituting (5) in (3) and integrating, it is obtained,

J: iCsl(Z)a (t) dt = Csl(z)a (sz + Y, Lsa/csl(z)a Ia) )

This expression shows that the amount of energy that must
be removed from capacitor Cg ), is bigger than the energy
that must be removed from the capacitors of the turn-off
snubber.

D. Zero Current Transition

The ZCT converters must present an extra branch con-
nected to terminal x,, which is responsible for injecting and
draining current from or into the pole, Fig. 1(d). The magni-
tude of the current must be enough to annul the current that
flows through an active switch in order to provide its turn-off
under ZCS.

The current through the auxiliary branch must increase
and decrease in a slow fashion to provide a time interval long
enough with null current through both active switches. After
the turn-off under ZCS of a switch, the current through the
auxiliary branch must decrease, becoming null.

The way of implementing the current source I, generates
the topological variations of the ZCT converters.

The only constraint to assure the correct operation of a
ZCT converter is that the current (l,) through the branch
connected to terminal x, must be greater than the value of I,
ie.,

l.>1, (7)
E. Zero Voltage Transition

The ZVT converters present a capacitance in parallel with
the switches that allow them to present a limited dv/dt rate
during their turn-on and turn-off transitions.

These capacitances must be charged or discharged before
the turn-on of a switch by means of an auxiliary branch that
must behave as a current source and is connected to the ter-
minal x, of the topology, Fig. 1(e). Its current must not only
be greater than the current of I,, it also has to be enough to
charge or discharge capacitors Cs;, and Cgp,.

Since these capacitors are actually in parallel, it is defined,

Cs :CSla +C52a (8)

The amount of current that must flow is defined as,

. d d
ICS(t)_Ia=a(qu)=Csa(VCs) 9)

Integrating both sides, and since V=V, it is obtained,

tf R tf R
) (%JQ—g)m:LMMKQAU—g)mzcyw-ﬂm

‘iaa(l):la
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Comparing equation (10) with (4) it can be seen that the
current that must flow through the auxiliary branch of the
ZVT converter is larger than the one of the turn-off snubber.

F. Zero Current and Zero Voltage Transition

The ZCZVT technique is the combination of the ZVT and
ZCT techniques shown formerly. This way, the model of a
ZCZN/T converter is a result of the union of the models of
these two techniques, Fig. 1(f). As a result, the model for the
ZCZVT technique is the same of the ZVT one. However, for
this case, the auxiliary branch (l,,) must be activated twice:
for the turn-on of the switches (ZVS transition) and for the
turn-off of them (ZCS transition).

To guarantee the proper operation of a ZCZVT converter,
the conditions defined in equations (7) and (10) must be as-
sured.

I1l. INTEGRATION PRINCIPLE FOR
MULTIPOLE SOFT-SWITCHING CONVERTERS

In this section, the opportunities for the integration of the
auxiliary cells of the soft-switching techniques seen in the
former section are investigated. The systems studied are
comprised by bidirectional poles. Each switch presents an
Auxiliary Commutation Cell, ACC, as depicted in Fig. 2.

The approach presented in this paper allows that two
switches commutate in a soft way with only one energy
transfer. This process always occurs from the negative DC-
Bus to the positive one when one pole is operating as a boost
(the current I, enters into terminal x,) and the other one oper-
ates as a buck converter (I, leaves terminal x,). Therefore, the
current transfer can occur either through the ACCy, and
ACC,, or through ACC,, and ACC,,.

The current transfer occurs through an auxiliary branch
that is named hereafter Transfer Branch (TB). There may be
up to two transfer branches for two bidirectional poles. They
are connected to one of the terminals of the capacitors in par-
allel with the switches or to the terminal X, of the pole.

It can be noticed that all the models but the turn-on snub-
ber model (Fig. 1(a)) shown in Fig. 1 present a current source
that drains current and other that injects current in the auxil-
iary cells. The techniques which present current sources can
be combined among themselves originating systems such the
one shown in Fig. 2. To make this possible, the source that
drains current from the auxiliary cell of one pole must be
combined with the one that injects current in the opposite
auxiliary cell of the other pole.

When the converter is operating as a boost, the current
must be drained from the positive terminal of capacitor Cs;ap
or from the terminal X,). On the other hand, when the con-
verter operates as a buck, there must be current injected in

: f% cc, ACC,
' ) |
(U a X
: . é)«‘b .
|ACC, ACC, |}
1 1

Fig. 2. System of converters.
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the Xp terminal or in the negative terminal of capacitor
Csana)- The current drained is actually the same current that
must be injected and since the current is always drained (Fig.
2) from the converter operating as boost and injected in the
converter that operates as a buck, it can only flow in the
sense of the “boost” pole to the “buck” pole.

When the current sources are integrated, there is the re-
quirement of synchronous operation, i.e. some events are
connected and have to occur at the same time, or after an-
other event. For example, the turn-off of a switch occurs just
after the turn-on of another one or some switch must be
turned on when another switch is in the ON state, etc.

It apparently seems that since some events must occur
synchronically, both counterparts would operate with the
same frequency. Actually, the ZCZVT converters need the
intervention of the current source 1,, during their turn-on and
turn-off transitions. As a result, when another converter in-
teracts with a ZCZVT converter, these converters have to op-
erate at multiple frequencies, being the frequency of the
ZCZVT twice lower.

The auxiliary branches are connected between the termi-
nals Xa, Xp, Csta+s Csinrr Cs2a- @and Cepp.. The analysis of the
voltages of these terminals is important to evaluate if the cur-
rent can start or stop to flow from one terminal to another of
the transfer branch spontaneously or not. It will begin to flow
in a spontaneous way if the voltage between the two termi-
nals of the TB is positive when the TB is activated and will
stop spontaneously if at the end of the process this voltage
becomes negative. When these conditions are not fulfilled,
there is the need of inserting a voltage source or a component
with the characteristic of a voltage source in the auxiliary
branch, what makes the practical implementation of the
transfer branch more difficult.

The voltages of the terminals where the transfer branch is
connected are shown in TABLE I. In this table, the voltage
of terminal y can be considered as the reference voltage. The
analysis of these voltages is important since it is related to
some of the requirements of the transfer branch.

The voltages of the terminals connected to the transfer
branches in the end of the energy transfer process are shown
in TABLE II. These voltages are related to the energy man-
agement of the energy that has flown through the transfer
branch.

The research developed is based on a system composed by
two bidirectional converters (Fig. 2) aiming a system as ge-
neric as possible; however, it is also useful for simpler sys-

TABLE I
Voltage of the terminals connected to the transfer branch in the
beginning of the transfer process.

TABLE Il

Voltage in the terminals connected to the transfer branch at the
end of the transfer process.

Positive Terminal Negative Terminal
TONS -
TOFFS Ve, = Vesan =Vay
TONS& TOFFS Vesas = Vesane = Vay
ZCT an :sz be = O
ZNVT V,,=0 V,, :sz
V., =V _; VvV, =0;
zCzvT s ®
an =0 VXb :VZY

Positive Terminal Negative Terminal
TONS - -
TOFFS Ves: =Vy Vesan- =0
L.
TONS&TOFFS | Vig., =V, + ila Ve, ==, [—21,
Csla Cszb
ZCT V,=0 Vo =Vy
ZVT an :VCsla+ :sz be :VCSZb* = 0
VvV, = V,=V_:
zCzvT @ S
an :VCsla+ :sz be :VCszbf =0
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tems such as a system composed by a boost and a buck con-
verter, or a bidirectional converter and a buck or boost con-
verter.

In the next section, the possibilities of integrated operation
of the proposed models to the various techniques are ana-
lyzed. The model proposed for the turn-on snubber is the
only one that does not present any current source and then, it
cannot work together with any other of the techniques
shown.

IV. NOVEL INTEGRATED SOFT-SWITCHING CELL
FOR TWO TURN-OFF SNUBBER POLES

For the system of converters depicted in Fig. 3, it is possi-
ble to transfer energy from the negative DC-Bus to the posi-
tive one, flowing through capacitors Cg;, and Cgy, or Cgy, and
Cs2a, discharging these capacitors.

When |, enters into terminal x,, Fig. 3, as switch Sy, turns
off, Cqa is charged to the bus voltage V,,. As S, turns on,
C.1a Can be discharged. Similarly, if I, leaves terminal x, and
Sy, turns off, Cgy is charged to V,,. As Sy, turns on, Cgp can
be discharged. Since the energy transfer occurs at the same
time, the turn-on of the switches S;, and Sy, must occur at the
same time and then the discharge of Cg, and C,p, OCCUrs si-
multaneously. For the same reason, both poles must operate
at the same frequency.

The voltage applied on the transfer branch at the begin-
ning of the energy transfer process is defined as,

Vesar ~Vesz. =V - (11)

Csla+
It means that the current can start to flow naturally from
Cs1a 1o Cypp, passing through the transfer branch.
At the end of the process, this voltage is defined as,
Ve Vesan- = _sz . 12)

Since the voltage applied on the transfer branch becomes
negative, the current transfer can stop in a spontaneous way.

The least amount of current that must flow through the
transfer branch to discharge Cs1, and Cgy, is defined in (13).

slat

Fig. 3. Interconnection between the auxiliary cells
of two turn-off snubbers.
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I ICsla dt >Csla V (13)

J. ICsZa dt > CsZa

The turn-on of switches Sla, Sy, must be simultaneous as
illustrated by means of Fig. 4.

To be able to transfer current through capacitors Cg;, and
Csp it is needed a branch that connects these two compo-
nents creating a path where the current can flow through.

The sub circuit utilized to evaluate the necessary condi-
tions and the possibilities of circuits able to execute such task
is composed by capacitors Cg, and Cs,p, the DC-Bus and the
transfer branch itself, Fig. 5(a).

This circuit can be simplified by substituting capacitors
Csiaand Cgy, by its equivalent Cs, Fig. 5(b).

Cs = Cslacszb/ Csla + Cst) (14)

One example of transfer branch is depicted in Fig. 5(c)
and is composed by a unidirectional switch and an inductor.
At the beginning of the transfer process

VCslanax =VC52b7Max =sz' i'e" (15)
Ve, (0)=2V,,. (16)
After the current transfer process,

A ... TOFFSa
Do | S. -
'TOFFS b -
: Szh _
. i TOFFS a i
O\ /" Ve -
i iTOFFSbh -
E / E \ VCSZb-

[ Current Transfer |
Fig. 4. Synchronicity needs for S,, S,, and the transfer branch.

VCsla (tf ) =VC52b (tf ) =VCs (tf ) =0. (17

This means that both capacitors must present the same
dv/dt rate. As a result, since the same current flows through
these capacitors, both of them must have the same capaci-
tance value.

The state-plane for the equivalent circuit (Fig. 5(c)) is
shown in Fig. 6. It can be seen that the center of resonance is
V,, i.e., there is no need of inserting a voltage source in the
transfer branch. In this figure, Is is the current through the
transfer branch and Z is the characteristic impedance, de-

fined as,
Zg = W Lrl/CS : (18)

There is no restriction concerning the ratio between the
values of the current sources I, and Iy,

Transfer S. La

[=L [0
b T (b) ©

Fig. 5. Transfer loop.

Transfer
Branch
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>
>

Vo 2V,
Fig. 6. State-plane.
The resulting system is shown in Fig. 7.

V. EXPERIMENTAL RESULTS

In order to demonstrate de feasibility of the concepts pro-
posed in this paper, it was assembled a prototype for the con-
verter shown in Section IV. The topology implemented is
shown if Fig. 8 and the parameters used in TABLE III.

The oscilograms shown in this paper were obtained for the
converter operating at nominal values, TABLE II1.

The waveforms that show the capacitors Cg, and Csyp, be-
ing discharged are shown respectively in Fig. 9(a) and (b). It
must be noticed that the discharge process of capacitors Cqi,
and C,y, occurs simultaneously, thanks to the transfer branch
implemented, which allows the current (i, Fig. 9) to flow
between the DC-Buses, discharging both capacitors. Such
fact proves the effectiveness of the proposed TB that by
means of only one current transfer, restores the adequate

97
* Csza Sal * CSZ[’S
2l

7o

Lrl

e T ciT
Fig. 7. Resulting system.

conditions to allow that capacitors Cg, and Cgy, Operate as
turn-off snubbers for the switches Sy, and Sy, respectively.
During the turn-off process of switch Sy, the capacitor

oY

TABLE 111
Experimental parameters.
Parameter Value
VBus 360 V
ILoadiMax 79 A
VLoadﬁMax 127V
PLuad 1000 W
Ct 4 uF
S1, Sz, Szand Sy IRG4PC40UD
Sa and Sy, IRG4BC30UD
Ds1a, Ds2ay Dap and Dy, | RHRP870
D, and Dy, RHRP870
Ln and Lr2 6 IJF
Cslar Cslb, CsZa and CSZD 15nF+1.0nF
fs 40 kHz
L YA
Z G ;CSZa Sal Lrl *CSZb
Sza 2b,
-l/Bus Xa D ~\ | Load a2 X
= =y D
slb
Sla Dsla Slb
T C SaZ Lr2 C T
y sla slb y

Fig. 8. Power stage of the topology implemented.
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[Ve] L Cs2b] 4l\\ hv-.
I ﬂ;\'lr ) v
v Ve )
ar
" : i — A
"'v i - ™\ 3 o) W [i 1
/ \ |lLf1 EI |_|Lr1
e 2 s 2
CHT 200V Ch2 500 Vs M 250ms ! ChT 200V Ch2 500 Vs M 2507 ChT 200V Ch2 500 Vss M 2507
Chz 300V chz 300V chz 300V
(@) (b) (c)

Fig. 9. Experimental waveforms. (a) Si, turn-on; (b) S,y turn-on; and (c) Sy, turn-off.

Cs1a Charges in a slow fashion, until it reaches the bus volt-
age, Fig. 9(c), showing the effectiveness of the turn-off
snubber. Because Dy, is conducting, the voltage over the
switch is the same voltage of capacitor Cgy,.

The waveforms for the opposite sense of current through
the load will not be shown since they are redundant.

The experimental measurement of the efficiency of the
proposed topology was made, Fig. 10. For comparison pur-
poses it is also shown the efficiency curves of a RCD turn-
off snubber (implemented for each main switch of the system
and operating just like the proposed topology). In this figure,
it is shown the efficiency as a function of the load value, i.e.,
the output power was varied from 20% to its nominal value.

The results collected make evident that the proposed to-
pology outperforms the RCD snubber by over two percent
for the entire extent of the efficiency evaluation carried out.

VI. CONCLUSION

This paper presents the proposal of the integration of the
soft-switching cells pertaining to several soft-switching tech-
niques. This approach is based on the models presented for
the converters which represent the soft-switching techniques.

The concept proposed is so far unpublished and from it
can be derived dozens of new soft-switching cells, which
may present improved characteristics compared to the ones
known currently.

The conditions to start and to stop the current transfer
were derived as well as the needs of certain events that must
occur synchronically.

The experimental results show the effectiveness of the

100
=
Eos
= /——\
2 3
&)
c
g 90
= DST-OFF
c
85
0 200 400 600 800 1000

Power - [W]

Fig. 10. Efficiency evaluation.
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concepts proposed herein. The topology proposed behaved as
theoretically predicted and the experimental evaluation high-
lights the benefits of the implemented topology in the matter
of its efficiency.
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