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Abstract

This paper presents the analysis and design procedures of a new DC-DC
Full Bridge PWM converter, using the ZVS-PWM commutation cell to
achieve soft switching. Experimental results obtained from a laboratory
prototype rated 1500 W are also presented. It is demonstrated that the
inclusion of the auxiliary switches do not modify the PWM switching
pattern. Bench tests on the prototype confirm that the proposed circuit
exhibits high efficiency and behaves as a constant voltage source over an
extended power output range.

1. Introduction

In the recent past the increase of the switching frequency have been
intensively used in DC-DC converters as a procedure to improve the
power density of such converters. However, many intrinsic
characteristics of the available semiconductor devices limits in practice
the switching frequency. A number of new techniques [1] have been
proposed to overcome that limitation. Among them, the use of auxiliary
commutation circuits promotes soft switching with reduced stresses on
the semiconductor devices, achieving higher switching frequency.
Regardless that characteristics, the auxiliary commutation circuits can
also be applied in PWM converters without modification on the
switching pattern, since the auxiliary circuits are made active only
during the switching intervals [2,3,4]. Although more devices are
necessary to build a converter with soft switching, the power processed
by the auxiliary switches are low in comparison with the total processed
power and the EMI level is reduced [5,6], leading to a high interest in
such techniques.

The ZVS-PWM commutation cell [7,8] was used on a full-bridge phase-
shift PWM DC-DC converter to achieve soft switching (Fig. 1). The
main switches are SZ, $2, $3 and S4. The soft switching technique
makes use of the resonance between the intrinsic capacitance of two
semiconductor switches and an inductor on the commutation cell. So two
ZVS-PWM cells are used; the first cell is composed by the auxiliary
switches Sal and Sa4 with the inductor Ire, and the second one by Sa2
and Sa3 with the inductor Ird. Each cell has also one autotransformer
(Ae and Ad on Fig. 1), with the same winding ratio Ns/Np and denoted
by a. The main switches operate as dual thyristors, achieving zero-
voltage switching (ZVS), while the auxiliary switches operate at zero-
current switching (ZCS) condition. The processed power is delivered to
the load by the power transformer 7L and two diodes Dri and Dr2. On
Fig. 1 the load is represented by a current source fo. The power
processed by the auxiliary circuitry is reduced, because they act only at
the switching interval. The power transformer is represented including its
leakage inductance Ld.

2. Principle of Operation
In this converter the power is transferred to the load by the displacement

between the drives of the diagonalized switches, in this way obtaining an
equivalent PWM signal. The two arms of the converter work under
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different operating conditions. For the drive sequence shown on Fig. 3,
the commutation of the main switches on the left arm always occurs
when the converter advance from the power transfer stage to the free-
wheeling stage. This commutation process is aided by the load current.
The power transfer stage will be called the active stage, and the free-
wheeling state the passive stage. The commutation of the switches on
the right arm is achieved when the converter advances from the passive
stage to the active stage. During this commutation, the load currént flows
through the rectifier diodes DrI and Dr2. As a consequence, under such
condition the auxiliary circuit should provide the energy required for the
commutation process; for that reason, this commutation process will be

called a critical commutation.
sz) %S 1 saz )#)a)

Fig. 1: Proposed circuit

3. Mathematical Analysis

For the analysis of the operation stages of the converter, the following
initial considerations will be postulated:

-The switches have bidirectional characteristic on current, with null
conduction resistance and null commutation delays.

-The output filter will be represent by a current source reflected to the
primary side of the transformer.

-The power transformer has a winding ratio of N2/N1 and a leakage
inductance denoted by Ld.

-The autotransformers have a null magnetization inductance and act as
voltage sources with polarity alternation. Both autotransformers have the
same winding ratio of Ns/Np.

-The drive pulses of the auxiliary switches are synchronized with the
drive pulses of the main switches.

The analysis will be carried out for a half cycle of the operation
proceeding. The commutation cell is considered, for analysis purpose, as
an equivalent circuit with an equivalent inductor Ir and a capacitor C.
The parameters on Eq. (1) and Eq. (2) are associated with such
equivalent circuit:
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In this equivalent circuit, the currents and voltages can be normalized
with the general expressions of Eq. (3) and Eq. (4):
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The load current can be refereed to the primary circuit with Eq. (5):
‘ Ny
Iy =lp—= 5
0o =lo7y &)

t,: At the start of the analysis, the converter is supposed to be on the
passive stage, where no power is transferred to the load. The switches S1
and §2 are on.

toto t, The switch Sa3 is gated on. The current through the inductor Ird
rises lincarly from zero to ib. The diode Da2 is on, in view of the
induced polarity on the autotransformer Ad . Eq. (6) determines the time
interval of this stage:

iy.Ird

E(1-a) ®

H-ty=

1 to t;: In ¢, the switch $2 is gated off. The charge on the associated
capacitance of S2 grows up, while the charge on the associated
capacitance of §3 decreases. At the beginning of this stage, the energy
stored on Ld helps the commutation process, until an inversion on the
current through Ld occurs. From the circuit for this stage, an equivalent
circuit can be generated, where the main equations are Eq. (7) and

Eq. (8):

ve =vy(1-coswy't)+Zo' (1o'+ib) sinwy' .t @)
Z0' [ilrd —iLd] = Zo' (Io'+ib)coswy' .t + vy,. sinwy' .t ®
The following parameters of the equivalent circuit can be defined:
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The time interval for this stage can be calculated, thereafter, by Eq. (14):

-t =— (14)
Wo

On Eq. (14), a.is obtained from Eq. (15):

2.10".wy'. Ld = vy (o — sina )+ Zo' (fo'+ib }(1-cos ) (15)

On t,, the voltage across tﬁe capacitor C3 and the current on inductor Ird
can be calculated with Eq. (16) and Eq. (17):

ilrdy = Io'+(Io'+ib)cosa +;thina (16)
o
veg =vy(1=-cosa )+ Zo' (lo'+ib ) sina an

Eq. (16) and Eq. (17) can be normalized, resulting in Eq. (18) and
in Eq. (19):
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t; to t3: The current through Ld is clamped at the value of the load
current reflected to the primary circuit. As a consequence, at the end of
this interval the switch 3 shows a zero-voltage commutation. The main
equations of this stage are Eq. (20) and Eq. (21):

ilrd = 10' + (ilrdy — 10’ Jcos wot + (1— a—vey ) sinwol (20)

;;=l—a—(l—a—%).cosw01+(ilrd0—H)sinwot 1)

From Eq. (20) and Eq. (21), the Eq. (22) can be obtained, showing the
condition for the zero-voltage commutation for any load current:

[ —
2a—1+2(1-a).vey —vey 22)
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ts to ty; The resonant inductor Ird is demagnetized through the
autotransformer, delivering the stored energy back to the primary
source E. Once the inductor lrd is completely demagnetized, the switch
Sa3 can be opened under zero current. The time interval of this stage can
be calculated with Eq. (23):

E+,/(izrd0 ~10' ) +(1- a-vep)? - a®

a

Wo.(i4—f3)= (23)

tq4 to ts: During this stage the energy is transferred to the load. The
switches S7 and §3 conduct the load current. The duty cycle is given by
Eq. (24) and the average load voltage is calculated by Eq. (25):

ts5—14
D=—=>—7=2 f5.(t5—1t 24
7572 fo(ts—tg) (24)
vo=D.EN2 (25)

1

ts to ts: At this stage the converter is advanced from the active state to
the passive state. For that, the switch S1 is gated off, while Sa4 is gated
on; the diode Dal goes to conduction mode. As a result, the
commutation process is performed under constant load current. At ts, the
switch §¢ commutates under zero voltage. An equivalent circuit for this
stage leads to the following equations:

ilre = (1—a) sinwet — Io' (1= cos wyt ) 26)

;c-'=(l—a)(l—oo.vwot)+ﬁsmwol @7

The circuit analysis shows that the turn's ratio of the autotransformer
must be:

02<a<0s5
The time interval for this stage is calculated with Eq. (28):

—_ —2
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wy.(tg —15) = cos (28)

ts to t;: At the end of the commutation process, the load begins a free-
wheeling state, while the resonant inductor Ire is demagnetized through
the autotransformer. When the inductor Ire is completely demagnetized,
the switch Sa4 can be gated off under zero-current condition. The time
interval for the free-wheeling stage is calculated by Eq. (29):
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Fig. 2: Operation Stages of the Converter.
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t; to ts: The converter is on the free-wheeling state, the switches $3 and
84 are on, and no power is transferred to the load. The time interval for
that stage is calculated with Eq. (30):

1-D
2fs

t7—tg= (30)

As a result of the commutation process, the main switches of the
converter are subjected to additional current stresses. Those stresses, on
the right arm switches, can be calculated with Eq. (31):

) A

Iadd,m =1p. ————(-3—) (31)
4. Main Waveforms of the Converter

Fig. 3 shows the main waveforms for a half-cycle operation of the

converter.
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Fig. 3: Main Waveforms of the Converter.

s.

Design Procedures

5.1. Design of the Resonant Components
The design of the resonant components begins with the definition of a
suitable commutation interval for the main switches, denoted by (ts-ts).

561

The resonant frequency of the commutation cell is calculated with

Eq. (32):
1 —a
o (T—“E)

Ly €2

With the value of the resonant frequency obtained from Eq. (32), and an
estimate of the intrinsic capacitance of the switches, the inductance of the
resonant inductors can be calculated by Eq.(33).

1

=— 33
8-n2.C-f§ &9
5.2. Design Curves
It can be demonstrated that the main stresses on the commutation cells
are presented when the converter operates at a no-load condition [8].
From the initial current level ib, the graphs on Fig. 4, 5, 6 and 7 can be
used to obtain the stresses' data on the cell components. Eq. (34) to
Eq. (38) should be used for calculation of current levels on the cell
components.

iSa,, = (1-a)ilrg; €
iDay, =4d ’l’,,k 35
Dag =51, (36)
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Fig. 5: Average value of the current through the resonant inductors.
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Fig. 6: RMS values of the current through the resonant inductors.
The conduction interval of the commutation cell is obtained from Fig. 7,

where Aty is (t4—1g) for the right arm cell and (¢,—£5) to the left arm
cell.
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Fig. 7: Conduction interval for the commutation cells.

5.3. Design Example
A prototype rated 1500 W was build to evaluate the proposed circuit.
MOSFETs were used for the main and auxiliary switches. Other
characteristics of the prototype were: -

- DC input voltage: 300 V

- DC output voltage: 60 V

- DC output current at full load: 25 A

- Switching frequency: 75 kHz

- Autotransformer voltage ratio: 3:1

- Efficiency: about 0.9

- Power Transformer voltage ratio N1/N2: 16/4

- Transformer Leakage Inductance: 2.3 uH

- Capacitance of the Switches: 3.5 nF

The autotransformers turns ratio (@) was chosen as 0.3 as used in [3] and
[4]. The resonant frequency is calculated with Eq. (32), using
(Zs -t = 500 ns and resulting in f, = 640 kHz. With this value and the
switches’ capacitance, the inductance of the resonant inductors can be
obtained by Eq. (33), résulting in & = 10 uH.

The Z, parameter is calculated thereafter with Eq. (1), resulting in
Zy=37.8 £2

With the resonant components of the commutation cell, the current iy is
calculated, using the following parameters:

E =300V
L=10pH
C=3.5nF
Ls=23pH
L'new=625 A

Using Eq. (9) to Eq. (12), it is obtained:

v =39.26 V
L,=187 uH
Z,/=163Q

w,” =8.74 x 10° rd/s

The commutation process should be verified for a range of the output
current, from the no-load condition to full-load. Using Eq. (15) to
Eq. (19) and Eq. (22), in an iterative process, it is obtained ib = 9 A.

The current ib can be normalized with Eq. (3), resulting: i p =LISA
From the design graphs on Fig. 4, 5 and 6, the r.m.s., average and peak
values of the current through the resonant inductor are:

ilryys =048pu . ilr,,, =384

ilrm,g =024pu .. z’lrm,g =194

il = 134pu . ilry, =1054

The r.m.s. and peak values of the current through the auxiliary switches
are calculated with Eq. (34) to Eq. (38):

T = ljg“ Wryms = 023pu cig, =184

iSap;, =(1-a).ilrp, =094pu "'iSap; =744

On the same way, the average and peak values of the current through the
auxiliary diodes are:

- a— .
IDag, = Ezlrm,g =0.04pu.. "Da gy = 034

IDay,, = @ilrpe =04pu “iDay =324

The conduction interval of the commutation cell is used to design the
autotransformers and the resonant inductors. The graph on Fig. 6 is used
to find:

Alyorgr = (14— 1o ) =2ps

The same process is used for the design of the left arm elements. It
should be notice, however, that ib=0 for the left arm commutation cell.
The following results were obtained:

ilrys =021 pu . ilr,,, = 1654
ilrgyg = 0.08pu -, ilrgyg =064

ilrpp =07 pu . ilrpy = 554

ise, = IJEG Uryms = 010pu ig, =084

iSaP‘k = (lva).ilrpk =049pu .. 1S, = 394

—_a7— _ . -
1Dag, = ;zlrm,g =001pu. “IDa g, = 014

iDa,, = a.ilrpy =021pu .. Day, = 164

Ayorgy = (t7 —ts) = 1ps

In practice, the same elements calculated for the right arm can be used on
the left arm of the converter. :




Using Eq. (31) the additional current stresses on the switches can be
calculated, resulting:

As a consequence, the switches on the left arm of the converter should be
selected using the following values:

1o
V2

For the right arm switches, the current values are:

is2,, =is3,, = ‘]4,42 +1%2 =454

It should be notice that the peak current on the right arm switches is
calculated by:

[Slrnu = 15'4”"_r =4414

52, =is3, =i +16=15254

6. Experimental Results

Bench tests with the prototype demonstrate that the switches can operate
at high frequency with soft commutation over an extended load range,
from no-load to full load condition. '

The current and voltage on the main switches of the right arm are shown
on Fig. 8. On the current signal it is noticed the additional current due to
the commutation cell. On Fig. 9 it is shown a detailed view of the same
signals, showing the zero voltage switching.
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Fig. 8: Zero-voltage switching on S2.
Scales: Voltage = 100 V/div; Current = 5 A/div;
Time = 2 ps/div
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Fig. 9: Detail of the Zero-voltage switching on S2.
Scales: Voltage = 50 V/div; Current = 2 A/div;
Time = 2 ps/div

On Fig. 10, it is shown the voltage and current on the switches of the left
arm. The switches commutates under zero-voltage and without
additional current stresses.

Fig. 11 shows the commutation under zero-current on the auxiliary
switches of the right arm.

The waveforms of voltage and current on the primary windings of the
power transformer is shown on Fig. 12.
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Fig. 10: Zero-voltage switching on S4.
Scales: Voltage = 100 V/div; Current = 5 A/div;
Time = 2 ps/div
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Fig. 11: Zero-current switching on Sa2.
Scales: Voltage = 100 V/div; Current = 1 A/div;
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Fig. 12: Voltage and current on the transformer TL.
Scales: Voltage = 200 V/div; Current = 5 A/div;
Time = 2 ps/div

Fig. 13 shows the output voltage of the prototype as a function of the
output current, for several values of duty cycle of the switches. It is
noticed that the converter behaves as a constant voltage source for an
extended power range.
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Fig. 13: Output characteristic of the prototype.



The prototype efficiency is shown in Fig. 14. The maximum measured
efficiency was 93 %, at the full load condition.
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Fig. 21: Prototype efficiency.
7. Conclusions

The ZVS-PWM commutation cell was applied to a Full-Bridge PWM
DC-DC Converter. Evaluation of a prototype based on the new circuit
showed that the proposed circuit has some distinguished characteristics:
® The commutation losses are minimum, because the main switches
operate under zero-voltage condition, and the auxiliary switches at zero-
current condition.

® The current through the auxiliary switches is present only for a short
interval during the commutation cycle; as a result, the conduction losses
on those switches and on the associated devices are kept on a small
value.

® The proposed circuit behaves as a constant voltage source for an
extended range of output current. That characteristic can be a requisite in
many industrial applications.

® The ZVS and ZCS characteristics of the switches are present on all
load condition of the converter.

® No voltage stresses were detected across the switches.

® The efficiency of the converter was very high.

@ The commutation process can be employed with any of the known
power switches' technologies, such as IGBTs, GTOs and BJTs.
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As a result of such characteristics, it can be concluded that the proposed
converter is specially suitable for high power applications.
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