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Abstract A complete analysis and characterization of a DC/DC carry high ripple current. Therefore, this converter is not
ZVS PWM off-line converter are presented. The regions of soft- Suitable for the high output current applications which also
switching for all the semiconductor devices are identified. The require low output voltage ripple. On the other hand, it is
dc/dc converter is composed by a half-bridge on the input side very robust, due to its natural ability to sustain an overload or
and a double-boost on the output side. The analyzed DC/DC even an output short-circuit. It presents a current source
converter presents low switching losses (ZVS), low device and gytpyt characteristic appropriated for some applications, such
component stresses, simple control, step-up/down operation ¢ pattery chargers, welding, aerospace sources, distributed
(TbhOOSI'bUCk)’ and it operates ZVS at a wide load range. .\ or 5o rces and parallel multiple module systems.
erefore, the combination of these attributes results in a high . .
power density and efficient converter. This paper presents an isolated ZVSTP\.NM _DQ/DC
Principle of operation, theoretical analysis, design procedure CONVerter, which presents some characteristics similar to
and an example along with laboratory experimental results are Presented in [1,2], but differ essentially in the following
presented to demonstrate the feasibility and validation of the parts: smaller number of components, unidirectional power
theoretical analysis. flow, PWM control and it may operate at ZVS independently
of the load value as step-up as step-down mode.

| INTRODUCTION II. DC/DC ZVS PWM CONVERTER DESCRIPTION

DC/DC ZVS PWM converters have some advantages such! € analyzed topology in this paper is shown in Fig.1. It
sists of two stages: one stage of voltage inversion and

as low devices and components stresses, it permits X o 2 o )
incorporates a large number of the parasitic elements, hi pother of active rectification and filtering. In the primary
de is utilized a half-bridge converter formed by two

efficiency and PWM control at constant switching frequenc .
Y g req ntrolled switches ($ ), two diodes (I3, Dsy), two

when it is compared with the resonant converte . h b ith
counterparts. symmetric DC sources (FE,) that may be a DC source wit

The VS full-bridge phase-shifted converters [7,8,9] a ca.pa.citive sharing. High—freguency transformer (T) makes
suitable for high power applications. For operation in a wi e linking and galvanic isolation between the two stages. In

range of load are necessary auxiliary commutation circui € secondary side, it, includes an inductor (L) of energy
which in general form increases, the circulating reactiansfer between the input and the output, four rectifiers
energy, resulting in an increase of the conduction losses. If124€s ?t full brldge ttc;lpokl)ogy @Dz, Ds, D). t\f/vo SWk']tCheS
ZVS half-bridge converter is chosen, it is classical to regula 2 i) orrr;mg a double-boost glermlttlng gerhorrln tde power
it by FM (frequency modulation) to control the output powe ow c_o_ntr_o, capacitive (_)utput ilter @and the oa B
transference, since the duty-cycle is equal to 50% to achi greitis |mp9rtant to.pomt O.Ut e _the resonant inductor can
ZVS. On the other hand, if this converter operates at const&§tPlaced as in the primary side as in the secondary one.
frequency it is necessary a power control element such as a

ZIXDG

linear variable inductor [5] or even including another
converter.

An attractive approach for high power is the phase-shifted
dual active bridge DC/DC converter [1,2]. This converter
have the most favorable characteristics: low device and
component stresses, ZVS for all devices, small filter
components, high efficiency (no trapped energy), bi-
directional power flow, buck-boost operation possibility, low
sensitivity to system parasitic components and due to its
characteristic of current transfer makes it appropriated for Fig. 1. DC/DC ZVS PWM Off-line Converter
applications where parallel multiple modules are necessary to )
extend the power capacity of the system. A disadvantage ofl he DC/DC ZVS PWM off-line converter presents three

this converter is that the output capacitive DC filter mu§Peration modes. Depending of the duty cycle and of the
load, different operation modes of the circuit can occur. Each
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one of these presents a unique device conduction sequence,
resulting in different output behaviors.

Ill. DESCRIPTION OF THE OPERATION STAGES

To describe the operation of the DC/DC ZVS PWM off-
line converter, it is assumed that all the components are
ideals, the output is represented by a constant voltage source
and the circuit is working in steady-state.

The operation stages of each operation mode are described
as follow:

A. Continuous Conduction Mode | - CCM |

1) First Stage AT,): This stage begins at instant in which
S, is turned off and Ss gated on. The inductor current flows
though the capacitors;@nd G, increasing the Sroltage up
to 2E and decreasing the voltageytio zero. The switches
S; and Sare enable to conduct, however onlyiSgated on.
Inductor current is negative, however its temporal derived is
positive. There is transfer power from the inductor to both
load and input source. ¥E+V,. (Fig. 2.a)

2) Second StageA(,): When the inductor current reaches
zero, it begins the boost stage. Now, the diodedhducts,
then the $switch is able to turn on. In this stage, there is not
power transference to load. The inductor currgmdreases
linearly, because \E. (Fig. 2.b)

3) Third Stage4Ts): The two boost switches; &nd S are
turned off and the diode D6 is directly polarized. As the
output voltage is higher than the input voltage, the inductor
current | begins to decrease linearly. The input source and
the inductor transfer energy to the loag=¥-V,. (Fig. 2.c)

4) Fourth Stage4T,): It begins when the switches &nd
S, commutate at ZVS and;$ turned on because its anti-
parallel diode B conductscurrent j. In the same form as
occurs in the first stage, there is power transfer from the
inductor to the load and to the input source=¥E+V,).
(Fig.2.d)

5) Fifth Stage 4T,): Such as in the second stage, when the
inductor current reaches zero, it begins the boost stage. Now,
the diode D4 conducts, then thg sSvitch is able to turn on.

In this stage, there is not power transfer to load. The inductor
current j decreases linearly, becausg=\E. (Fig. 2.e)

6) Sixth StageATs): The two boost switches; @nd S are
turned off and the diode D5 is directly polarized. As the
output voltage is higher than the input voltage, the inductor
current | begins to increase in a linear fashion. The input
source and the inductor transfer energy to the loaek- V
E+V,. (Fig. 2.f)

15 %Dﬁ i Dl__ cl
A A =

Vo S WL+ a) First Stage

IL
1T
[
1L
I
I~
1T
IL
1T

b) Second Stage

J&DS 1o 51 Dl__ Cl
A A+
¢) Third Stage

o
It
Pt
It

JXDS 1 s st o1 a
ry N

Vo W+ d) Fourth Stage

D5 D4 51 Dl__ cl
;i i .
e) Fifth Stage
Vo - W4+
53 D3 3 54 |oa 4 5| oa| 2
T AT N =
D5 £ o6 51 Dl__ Cl
1 BT Sixth S
Ixth Stage
Vo W+ 0 g
JS3_P3 c3 )54 D41C4 521 D2 C2
\ T== I AT \ =

Fig.2. Operation Stages for the CCM I.
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B. Continuous Conduction Mode Il - CCM Il

This mode is similar to CCM I. The main difference is that
the converter at the CCM | can operate like a step-up (boost)
or step-down (buck) and at the CCM Il it operates only like a
step-down (buck), moreover in this mode is not possible to
regulate the output voltage. Therefore the sequences of
operation are such as to that of the CCM |, differing only by
the absent of the second and fourth stages. In this mode, the
output converter operates as a passive rectifier.

C. Discontinuous Conduction Mode - DCM

1) First StageThis is a boost stage, the inductor current i
flows through $ L, &, S/Ds and upper input source.
Therefore, inductor current iincreases in a linear fashion.
Input source energy is transfer to inductor, however none is
transferred to output filter. M2E. (Fig. 4.a)

2) Second Stagefhe two boost switches;&nd S are
turned off and the Pis directly polarized. The inductor
current | begins to decrease linearly because the output
voltage is higher than input voltage. The input source and the
inductor transfer energy to load, %E-V,. (Fig. 4.b)

3) Third Stagelt begins at instant that the inductor current
reaches zero. During all this stage the inductor current stays
null, and the output diodes do not conduct becaugdV
V, =0. (Fig.4.c)

4) Fourth Stages, is turned off and the switch, $ gated

on. This commutation can be at ZVS mode, if the
magnetizing inductance of the HF transformer is designed
adequate or even if an auxiliary commutation inductor is
included in the circuit. Alike than it was discussed in the
CCM | and Il, here the switches 8nd § are commuted

on hard form (dissipative) and the inductor current decreases
linearly. V =-E. (Fig. 4.d)
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Fig.4. Operation Stages for the DCM.
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5) Fifth Stage:The switches of the secondary side are C. Discontinuous Conduction Mode - DCM
turned off. The inductor stored energy is transferred to theFor a resistive load, the following equation was found:

load. It finishes at the moment in which the inductor current D2

becomes null. \=-(E+V,). (Fig. 4.e) nVo = E+ ER— >0 (4)
6) Sixth StageThe same form as it occurred in the third fLO+ 1+ 2.R.D—D

stage, there is not current flowing by inductor even that S % f-'—H

were closed, because the output voltagés\higher that the

input one. Y=0. (Fig. 4.1) The system works as a step-up converter, such as a boost

converter operating at discontinuous mode. Extra auxiliary
circuits are necessary to perform soft commutation.
The boundaries between CCM and DCM known as critical
ondition is given by the equation below:

IV. ANALISYS OF THE CONVERTER

To analyze completely the converter, firstly it is necessal

to identify all possible circuit operation modes, in which eac E
one represents a unique conduction sequence of switching nV, = (5)
devices. Therefore, resulting in different waveforms and 1-Da
commutation requirements. The time inter@}, is assigned ~ The boundary between the CCM | and CCM Il is
as the effective duty cycle. determined by:
nVy, = E(1-2 Dy) (6)
A. Continuos Conduction Mode - CCM | V. DESIGN METHODOLOGY:

To obtain the characteristic equation it is imperious to have
a priori the knowledge of every operation sequence, each ongnitially, some specifications are defined to project the
represented by a differential equation. Therefore, from th@nverter, they are:
equations referent to intervalsAT;, AT, and AT;
corresponding to a semi-period, it can derive the outputP,,=250W (Output Power)

voltage equation, as well as all equations of interest. 2E =270V (Input Voltage)
The output voltage is given by: Vo, =90V (Output Voltage)
v 9.x2 -3+ a2 () f =200kHz (Switching Frequency)
nVg=—mm
9. . :
where: X From the analytical study of the losses equation of the

converter, it has been obtained for a duty cycle equal to 0.3

E . .
=—— [R1- D)2 +4. 1. 1] the maximum efficiency.
f.L To operate only in the CCM I, controlling the output
_ E? > voltage for a duty cycle range from 0 to 1, the output voltage
b= 2F L [R(4.D"-4D-D+8&f.1] gain must be unitary, as can be seen in Fig 10. The
3 transformer turns ratio is:
c=RE 4p2-4p-1) E 7
2.f.L ' n= V. =15 ()
Yo
=§/ib_i3_g+ﬁ Vit o 2 -18abor 4B+ 278 whereg is the output voltage gain
6 27 2 18 ' ' ' ' Choosing the duty cycle and the output voltage gain, the
beingn the transformer turns ratio inductor value is obtained as follows:
, . _ER -2.D2[(E +n\j,)?
B. Continuos Conduction Mode - CCM | T 2f.nV, 4E2+4 Eny, + P\2 (8)

In this mode AT, = 0 and the output voltage can not be
controlled by the active switches. The variables are given by:

R iR o =41
.

2f.R

4.D.[(E + nVO)Z— E n\] +( E+ E ny-2 n}f)l
4E2+4EN+ P2 !

E VI. EXPERIMENTAL RESULTS
NV, =-—.(2.f.L—y4.f2.12+R?) @)
R Based on the design methodology discussed in the
previous item, a prototype was implemented and tested in the
laboratory. By the comparison between the theoretical,
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simulations and theirs respective experimental waveforms

and curves, it can be observed that these data are very close. TABLE |
Therefore, operation principle of the analyzed converter is COMPONENTS AND DEVICES UTILIZED IN THE PROTOTYPE
validated.

Table | presents the components values and power Component Parameter
semiconductor devices utilized in the breadboard, along witht: 52 S3, S4 MOSFET IRF740
theirs manufactory code names. D1, D2, D3, D4 MOSFET intrinsic diode

In Fig.5 are shown the drain-source voltage of the mafnl: €2, C3, C4 MOSFET intrinsic capacitor
power switch of the inverter (primary converter) and its gatd?°: D6 HFAO08PB60
source voltage. It can be seen the ZVS command action. Tfe 1mF/550V _
gate-source voltage is applied only after the drain-sourElf transformer EE 55/21- 9 primary turns
voltage reaches zero. The power switches of the double-boost and 6 secondary turns (3:2) -
(secondary converter) also operate at the ZVS mode; it can be Thornton
seen by Fig. 6. Inductor 41pH - EE 42/15 - 18 turns -

Thornton

As the converter is operating in the CCM 1, it can operate
in three different modes, namely: step-up, set-down and

unitary voltage gain. These modes are depicted in the figures ) S -
7, 8 and 9, respectively. The design targeted the maximization of the efficiency of

External characteristic curves of the DC/DC zZVS PWMhe converter, that for this particular case occurs at duty-cycle
off-line converter, i.e., the output/input voltage ratio ifqual to 0.3. Itis illustrated by Fig. 11, in which a maximum
function of the duty-cycle for a constant load (R =025 efficiency (90%) is obtained at the rated load (D=0.3 @

obtained experimentally is shown by Fig. 10. 250W).

Fi.g. 5: 1> S1 Drain-Source Vo.Ifage.(S.OV/d.iv); Fig.. .6:. 1$ S3 D.r.ain—S.ourc.e. Vol.tage.(SHOV/d.iv);
2> S1 Gate-Source Voltage (10V/div)pstdiv. 2> S3 Gate-Source Voltage (5V/div) - 5{30div.

Fig. 7:. |n.dL.JCt.OI‘. C.ur.reht .(1.A/di.v.) aﬁd Véltagé (SCV/div) Fig. 8 ind'uctér Curr'e.n.t'(.lA'/div) and letégé ('50'\//div)
forg > 1 - Lus/div for g <1 - Lus/div
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