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Abstract:

Soff cowemuration iechniques have been of great interest during the last
few years in power supply switching appiications. However, freqe ey
modulation large comduction losses. and  high voltage { current stresszs o
the switches are known drawbacls

The recently developed Zoro-Voltage nansition {(ZVT ood Zero-
Carrent ransition (20T} nwise width modulation  (FWM) 1echnique
incorporated  soft-switching  function inlo PWM converters, so that the
gwitching fusses can be reduced with nnnonum voltage reurient stresses
and cireulating energy The ZOT technlque can sigmificantly oduce the
switch turn-off loss which is usually the dommant switching loss in higi-
pawer applications.

Ir this pupers the steady statc analvsis and desion ol the Z0T PWa
boost converter ara introduced. Contiot and drive circuit have been designed
to drive a 100 Watt 20T PWM boost converter 1o experimentally
ivestigaie ity Teatures and charncseristics
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1. Introduction:

Within  last  few years sofi-
commutation technique have heen ol great
interest in  power-supply  switchmg
applications, However, frequency
modulation  large conduction osses, and
hign  voltage/current  stresses the
switches are known  drawbacks [2]. Lo
arder to overcome these difficultics, many
anthors  have recently proposed alternative
topologies  One of these topologies that
uses an auxiliary switch to provide a dead
time to tempararily internupt the resonance
transition has been introduced in [ 15

Power semiconductor switches in
high-power applications are subjected to
high switching stresses and  switching
losses. To  clevate  these problems
significant derating of device voltage and
current  ratings  and elaborate passive
stubbers  are usually  uwsed, and the
switching frequency is limited to low-
frequency ranges  Generally, a snubber
cireurt reduces the switching loss and
gwitching  stresses of  switches, bt
increases  the total power loss o ihe
converter.  [n recemt years, various soft-
switching technigues have beoe proposed
to reduce the switching losses and stresses
without resoriing 0 bulky and lossy
passive snubbers. A good soft-switching
scheme for high-power application should
reduce the switching losses, diode reverse
recovery, and  switching stresses for all
main  and awxiliary  switches wilhowt
mcreasing  the  device  wvoltage rating,
because the device voltage wmargin i=
ustally small, and the thermal management
is very difficalt.

The recently developed eero-
voltage transition (ZVT) and zero-current
transition (ZCT} pulse width modulation

{(PWM) techmgues  incorporate soft-
swilcng function mtc PWM converers,
o that the switching losses can be reduced
with ininimum voltae and current siresses
and circulating energy. The ZVT techmque
forces the voltage of an incowming switch 10
sere  before its turn-on, o practically
climinate switch turn-on loss The switch
wra-ofl  loss, which s usually the
dominating switching Joss i high-power
appiication  can ot be  alleviated
effoctively with the ZVT technique The
ZCT technique can sigmficantly reduce the
switch turn-off loss by forcing the
outpoing switch current to zoro priar Lo s
mrn-aff | 3], [4].

Therefore, this paper proposes the
ZCT technique using PWM boost DC/DC
converter. The comverter circuit is shown
in Fig. 1 where the shaded area represent
the 20T auxiliary cicuit.

3, Operation and Analysis of the ZCT-
YWl Boast Converter:

The gircuit  dingmam  of the
convertet is shown in Fig | The operatinn
of this converter 15 stmilar to that of i
PWM counterpart. The only difference s
in  the switch wro-on  and  turn-off
wransignts, During which the awxiliary
circuit is actuated to provide sofi-switching
conditions for the main swatch 5. Therefiore
the DC voltage conversion ratio can be
calcutated as [5]

(A 1

‘v—,‘ "D {i}
where [ is the duty cvele, V15 the input
voltage and ¥, 15 the output voloage,

The  waveforms  during ome
switching period ate shown in Fig 2
During onre switching penod the circuit
goes through nine differert stages. The
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cirouits which represent these operating
modes are shown in Fig. 3. The operation
description  starts with ywilch turn-on
transition. Before the main switching turn-
on, indugier currert "I is conducted by the
main diode, awxiliary current 1. 1y gero.
v, I8 a conslant positive vaiug. In the
whole commutation process  the ouput
voltage v, and inductor ¢urent "1 are

assumed to be constant doe o the barge
capacilance and Inductance involved. The
operating modes of the ZOT-PWM boeost
converter are:
{a)y Turn-on transition T[T, Fa| iFig. 3.2}
Al e T, S« is warned on, starting

the twn-on  transition.  Fhe  aoxiliary
resomant tank  consisting of L. and C,,
starts to resonate. The auxiliary current i,
resonsles from zero to peak and then
decreases towards zern. Wher i, reaches
zero at T, since the resoman capacitor
vollage vy 15 negavive at T the auxiliary
CIrcAIt continues resonating snd v, Teverses
s divection and is conducted by Dy, the
paratlel diede of 55 Then, S, can be furned
ofl under zero-current and zera-voltage
condition, with much reduced power loss.
As 1, increases in positeve  value, the
current of the main diede is divened into
the auxiliary  circuit The  equations
describing this mede are:

vy (1) = v (T joos{m (t-T ) (2)

()= {v (1, ysin(e (0-T, N2, (3)

where w =17 JL‘F: A 1‘I.'rI..A R
This mode ends at =Tz when 1,=1

and v,=0. The duration of this mode is:
T Tala !

(9)

w=sin! -k, vy (Tn ]\J

where v, is the vollage at time T,

() Turn-on transiion 11 {7775} (Fig. 3.1}

When i, reaches 112 positive peak at
T., she current in the main diods is reduced
to zero, Then, 5 i1s wned onunder zer o-
current  condition at Tz, The furn-on loss is
reduced  significantly, sice the diode
reverse  roceovery 1y basically eluminated,
and the current rise rate of the switch after
tarn-on ts Bmited by the resonant inductor,
Adfter T; 1, decreasas rapully (oward zero,
since naw the output wokltage v s included
in the resonant path. The stale cquancns
describitig this mode are:
v, =2 I[sinn (1-T.}]

kY {costs, (t- T -V,
i, =1[costa (t -T.))

(%)

- :f [sin(ml it-T. j}] )

This mode ends ai t=15 when 1,0
thus the duration of this mods s obtained
using cgn (&), s

t, = Bl ;
" ,» (7)
where B=tan'Z /v, i
The voltage at the end of this mode
can e calculated using eqn.(3)

v AT =2 [simf+ ¥V wosfi-V, 2

(&) Turn-on transition W [F5 7] (Fig. 3.6)
AL Ty b oretarns oo <ero, and 1. is
turned off natwrally. Since the rescnam
capacitor vnitagc vy 18 positive at T, the
auxiliary ciroull continues resenating, and
the negative i, is conducted by the clamp
diede D, The state equations describing
this mode are:
v s (Tess(e, (0 T (9)
b= v (10 Jsinta, (t=Ty ) €10)
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This mode ends at =74 when i,=0,
thus from egn. (10), the duration of this
made is:

T4 =7/ 0, (i

The wvollage at the end ol this mode
can be calculated using eqn.{%)

Vi(Ty) == v (Ty) (12)

(d) Switch-on stage [Ty, Ts}(Fig 34}

When iy return to zero again at ‘1,
D, iz turned off naturally. The auxiliary
cirguil slops resonating and is disconnected
from the main circuit functionally. The
converter resumes its PWM operation, The
duraticn of his stage is determined by the
EYWM control

{2} Turn-off transition 1 [Ts, T-] (Fig 3e)

EBelore the maim switch s turned
off, 5, 15 turned on at Ts. The resonant tank
start 1o resowate again. The resonant path
imcludes Ly, Cp and owput voltage v
Currend 1. 15 nmegative, and its magnitude
increases  from  zero to  peak and then
decreases. When i; returns to zero at Tg, S,
is turned off under zero-cument condition,
Since resonant capaecitor voltage v, is less
than —v,, the auxiliary circuit conlimes
resanating  after T, the positive |, ig
conducted by Dy, and the current of the
main  switch {5 diverted our inta the
auxiliary circudt. Since Dy clamps the
voltage of S, at particularly zero, the turn-
off of 8, 1s largely eliminated.

The equations describing this mode

Are:
v, = Vil-cosg,(t-T)

v (Lfcost (- T)) o
i, ==V /7, sinf, (- T)§ {14

()2 sine -

This mode ends at Tr when i,=I,
thus the duration  of (his mode can be
ohtained Trom egn (14) as:

T, =vim,
where

y=sin (1Z, 4V, - v (T (15)

The voltage at the end of this modc is

v {T.) - -V [1—-cosy]-v (T Jcosy (18]

() Tura-off transition I {15, T] (Fig. 30

At T+ 1, reaches 1. and the main
switch cwrrent is reduced o zer, so 5is
lurned off under the zero-current condition.
As 5, keeps increasing after T-, the surplus
cwrrent will flovw through the parallel diode
of § and clamp the vollage across 5 at
zero. The gate signal of § can be yemoved,
without causing much rnoff foss.

The cquations that  describe this
moide are (ke same as those describing
mode ¢ of operation.

This cperating mode ends at T when i,
thus the duratien of this mode s,

T =(3In-2v) w, (7}
The voltage at the end of this mode can be
calculated from eqn (13} as:

v (T,0- —‘V:E1 weosk]+ v (T, )cosE {18}
where

&= {3n—v)

From eqn 17
Ts =Ty = \Exc.»c (37 —2y)
(2} Turnoft transition 11 [Ts, Ty] {Fig. 3g)

At Ty, 1, falls 101, and the parallel
dicde of $ stops conducting. Since the
main diede is still reveisely biased, the
main  inductor current can only  flow
through the resonam tank, charging the
résunance capacilur hinearly. The equations
that desceibe this mode are:

(46 )



Iraq J. Elecirical and Flectronic Engincering
Vol 1, No.1, 2001

A5 g RN e ) Amaigell A g Apeal
P d b amdl Y g

\I.t =1 c’x{t TK :‘ _1\'?!:- U' - 1:-05‘:3}
+v (T, )oost

i =1 (20)

X

(19}

This mode ends at t=Ts when v,
thus, the duration of this mode 15
7, w(C,V, /1) - cost] )

—[€ v, (1) Tjeost
{h} Turnofl transition [To.Ticl (Fig. 3h)

At T, vy is discharged wa zero, and
the main diode starts to conduct. The
resonanl tank Degin to resonant again. A iy
cesonates iowards zern, the current in the
main diode increase gradualiy. The staie
equaticns that describe this mexde are:

v, = Z,Isinfw, (1= Ty)) (22}

i =lcos(e t1—Tg)) (23}
This made ends at t=To when =0, thus the
duration of this made:

1o = 1/2w, (24)
The velrage at the end of this mode is

v, = Z,1 (25)
(i) Diode on stage [Tio, T (Fig. 31}

When i, rewrns to zero at Tro, the
auxiliary circuil stops resonating and is
disconnected  from the main  circuit
functionally. The inductor current s
conducted by the main diode, and the
converter resumes its PWM operation. The
duration of this stage is detenmined by the
PWM contral.

3, Design of the ZCT auxiliary circait:
Te achicve desirable efficiency

improvement by using £CT technique the
auxiliary circuit should be designed o
achieved zero-current switching  with
maximum main current, while keeping the
power loss in the auxiliary circuit
minimized, The turnoff transition is more

critica]  than  the turm-oo transitien,
therefore. the design procedure 18 mainly
based on the turnoff requirement.

3.1 The choice of Ty _
To effectively reduce the switch

wrnoff  loss, the duration of turnoft’
transition 11, Tor= Te—=Ta should be loong
enough for most storage charge of the main
switch 1o recambine. Using eqn.(} T

T = JL,CL Br - 2sin HZ VD

all’

Ty = 2605 o )\."-I I

T, =T, cos” (m)im {26)

where mVhe T, - 274/1,Co -
is the resonant peak of i during turnedf.
ASSUINING v, 15 2010 at T without fostng
much ascuracy, we can estimate Iy to be

1, = e {27}

Z.‘.

Therefore. the choice  of Tar (s
device dependent. Generally, T should be
much longer than the current fall time of
the switch A Tonger Ty can be achieved
by either increasing ly of increasing To
The desizn objective is to minimize the
conduction loss caused by the soft
switching action for & given Tox
3.2 The choice of m (~LIpu)

The desiyn optimization requires
power loss modcis for all switches, dicdes
and reactive components and 18 very
complex. To simplify the analysis, Wt 15
assumed that the power loss caused by the
soft  switching is proportional to the
auxiliary current, i e, the power loss can
be represented as a voltage source, the
value of whick is delermine hy the
components in the resonant path. 1t is also
assumed, without losing much accuracy,
that the switch and diodes, 5y, Dy, and D,

(47)
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in the auxiliary circuic have the same
conduction voltage drop, while the swiich
and diodes in the main circuit have the
same  condition woliage drep. Since the
auxiliary current is always conducted by
L., C. aswilch or a dinde in the auxiliary
circuit, the voltage drop for the power loss
in the auxiliary circuit, denated as ¥, in the
following discussion, 15 consfant for all
operation  stages  in the commutation.
However, the conduction loss of the main
power stage 15 reduced for >0, bu
increased for iy < O, The vohage drop of
the main switch (or diode) 1s assumed to be
VK of the total voltage in the auxiliary
circuin, e Y/K. Since the charge
cxchange of the resonant capacitar is cqual
te the ntegral of the auxiliary carrent, the
energy loss in the auxiliary cwruit per
swilching cycle can be calculated as

E, = \"~_.C,‘l:4\’“ +4?-|1J]

=201+ mW 1T in (28}

The current in the main switch or
the main diode 15 1 - L sinee |, changes
from negative or positive in the resonance,
s net effect on the main circoit conduction
logs iz nullified for the pottion i, < 1. 50,
the additional conduction loss in the mam
circuit caused by the soft switching is
determined oaly by the pontion of I, whete
1z 15 higher thanl in magnitude, as shown
in the shaded areain Fig, 2 The resonant
energy loss per switching cycle can he
calculated as

E, = 2[(1.-!'1 -m® - meos” (m}J.'" kj
‘Ir:. l|:I-~‘]-'| J" "
Combining eyn. (28) and eqgn. (25},
we get the total conduction loss caused by
the soft-switching commutation

AE=FE, +T,

{29)

=(2v1

wlpk

T/ 1;‘_{]+m}
+Hyl-m® meos '(m]}f Kl

In a specific application, Ve, Tt

{30

and maximum inpal current 1 are given,
therefore, the design ohjective 15 1o
minimize the nocnalized enerizy loss,

E, =aK A2V IT,,)

em) s —_FF“JUS"(m]}”duH

—_

meos | m

Fgn {31Yis plotted in Fig. 4{a}as a
tunction of m for differert valuves nf . in
a practicla convener, K is usually within
the ramge of 2-4 A good design should
select L, and O, so that IT, arpund its
mimimum for maximun  main inductor
currcut. I can be seen from Fig d(a} that a
good  design should have m in the ranpe of
(5, 0.7

3.3 The Choice of L, and C,

Once m = A s chasen  for
minimune cnergy 1ass and maximam main
inductor eurrent. L. can be caloulated as

32
T, 1 02

75V Meos )
3.4 The Filter Design

The fitter design include the design
of the mpul inducter L and the capacior
C.. The filter inductance, and capacitance
can be calculated using the following
gguations [5].
""'f_.(v:: — Vi]
’ Alf, v,

_Iv, -v) e

"UVEAY,
Where Al and AV, are the change in the
output current and the output voltape
during une switching cyele.

B

(48)
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5.5 The Optimum Inductor Current
E, for different inductor current i can

bi written & function of normalized

inductor curremt I, = i/T as

. hnm]-rul—mf ML ws"’(!vﬂn}j]r'lc
" Mcosl(l‘-.']:l

(34)

Eguation (347 is plotted m Fig. 4(h}
far K = 2 and several possible values of M,
from Fig 4, i can aso be scen thaf,
althowgh an optimum design (here M =
.63 might have the lowest energy loss in
the whole current rapge, F, i3 not very
sensitive 1o M, 50 M also can be chosen in
a relatively large range around its optimum
value  without significanzly reducing the
circutt elficiency. Fig 4 can be used to
evazluate the circuit efficiency at differemt
currents and  to determing whether ZET is
advantageous i efficiency compared 1o
frard switching.

The ZCT schemes can be wsed to
reduce the worst case power dissipation
(i, at the maximum load} inthe power
devices. It should be noted that [ s
almost constant, cvent if the inpul cutrent
i5 reduced at light load. From Fig. 4b). we
can sec that the addilional corduction
energy loss caused by the soft switching
dees nol change much, even iof the main
cwrent i reduced from its  maximum to
zern, Therefore, the ZC operation should
be disabled at light load to achieve god
efficiency. Fortunately, the thermal and
etectnical stresses of device are lower at
light load, and the soft-switching funchion
in not relay reguired.

3.0 The choice of Control Pulse Duration
The copduction  duration of the

auxiliary  switch i5  abways 50% of the
resonant cycle, ie TW2. The main switch
can be tummed onor off around the second

resomant peak of 1., 5o the delay between
the auxiliary swilch turn-on signal and the
main switch wrn-on or turn-off signals can
be sel to about 3T,/4. Therefore, the control
timing of the soft-switching is completaly
independent of the circuit operating point,
which greatly simplifies the control desigr.
4. Experimental Verification

4,F Experimental Circuit Design
The ZO7 PWMM boost Lonverter was
desipned with the following specificanons.,
Inpit voltage = 50V output voltage = 100
V, tnput current = 2 A M =07, the
switching frequency — 10 iz, Tyy = 4
psec, and Lhe duty cvele = 0.5
4.1,A The Resonant {ircuit Dresign
The resonant components can be
caleviated using eqn {32 as follows:
W= \""T-’? Mo 90 pH
2l cos (M)
EA

C\ B L ?an
© T 2eos MMV,

The <characterisnie  nnpedance  can be
caleulated as

Zyo ol fC, 3193 ahim
And the duration of the resonant period can
be calcuiared as

T, = 2rfw, =16psec
Using egqu. {27) the peak currem through
the auxibary cicouil 1s

L =VofZ, —283 A

4.1.B The Dwive Circuit

According 10 he designed values of
the awsiliary ctrcuit  inductance  and
capacitance, the synchronized pulses in
Fig. 5 are required 1o control the operation
of the designed 20T converter.

(49)
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4.1.C The Power Circnit

A 100w ZCT PWM boost converer
with a switching frequency of 10 kHz is
wuilt to verify the charasteristics of the
ZCT technique. The circuit configuraticn
and component values are shown in Fig. 6.

42 Experimental Results

Fig. 7 shows the experimentally
waveforms for the designed converter. 1t
can be seen that these waveforms are
consistent with the theoretically gxpecied
waveforms shown in Fig, 2.

Fig. B shows a comparison of
theoretical and experimentally obiatned
DC conversion ration  of the designed
converter theoretically the output voitage is
independent on the load, but practicaily the
output  voltage in decreases with the
increasing of the load current.

The measured efficiency comparison
of the ZCT PWM boost converter and the
conventional PWM converter is shown in
Fig. 9. In this figure, it can be shown that
the measured efficiency of the
conventionai PWM converter 15 higher
than that of the ZCS-PWM converter at
light load, but at heavy load the meagared
efficiency of the ZCS-PWM converter is
higher than that of the conventional PWM
converter.

Conclusion

The ZCT PWM boost converter has
been analyzed, designed and implemented
experimentally to obtain moderate power
converier by using the power MOSFET as
a switch in the sain and the auxiliary
circait,

The implemented convester contang
the following features:

. 1. With the help of the auxiliary 2CT
circuit, the main switch is tumed off

under the =zero-current -condition,
practically climinating  atl wrn-off -
losses. The turn-on current of the main
switch is also reduced to around zero,
so switch turm-gn loss and diode

_ teverse recovery are also significantly
reduced.

2 The auxiliary switches are tuned on
and off with zero current.

3 The switches in the ZCT converter
have much lower switching loss and
switching stress thatina conventional
couverter and, therefore, can operate at
a much higher switching frequency and

. achieve a much higher power density
due to smaller reactive components.

4. The implementation of the ZCT
converter is simpler than with a
conventional topology, and 1ts cost
tnay be reduced while it efficiency,
EM! emission, reliability and dynamic
performance are improved.

§ This technique can be used for mgh
power applications by using IGBT as a
switch.
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Fig.2 Operating waveforms of the ZCT PWM Converter.
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lqss as a function of m (b} Additional conduction loss under
different inductor currents.
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Fig. 5 The required coutrol pulses for the ZCT PWM boeost converier.

T= VN 40004 Power MOSFET., T,= VN 4000A Power MOSFET
Dy~ D,~%~BYX 71, D~ D= BYWL9, L,~95H (Ferite core ™ )
LegmH, C,=T50F {Ceramic Capacitance), €= 1:F

Fig. 6 Practical circuit with components specifications.
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Fig 7 Measured waveforms of
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