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Abstract:

Soft-switching technigue can substantially improve the perfermance of power
converters, mainly due (o the increase of switching frequency, that result in better modulation
quality. This iz more concermned particularly in the high power applications, where devices
[gate turn off (GTO) or something elss simiilar) can not operate over a few hundreds of hertz
in conventtonal hard switching converter structures. High frequency resonant converter can
perform the zZero-curtent or zero-voliage switching (so, called soft switching) operation,
which produces lower switching loss and lower EMI noise than the hard switching operation

* perfenmed by conventional PWM converters.

In this paper, design and analysis of moderate power ZCT three-phase PWM inverter
has been presented. Also, the designed inverter and its novel control cireuit is implemented
experimentally 1o investigate its characterstics with this new zero-current transition ZCT
technique.
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1- Introduction:-

High-petformance inverters have
always received the interest of considerable
researchers. Due to many advantages of
high efficiency, high operational fraquency,
small size and low switchinz stresses, soft
swilching topologies have brought the new
rend to the induostrial applications of nexl
peneration LRHA

The development of zero switching
loss inverter has atiracied much interest fot
industrial applications. Utiliang the Z810
custent transition ZCT technique in DC/AC
inverter enables - all main and auxiliary
swilches to be turned on and off under zere
current conditionst’). The zero current

iransition at both tum-on and turn-off not
only reduces switching losses significantly
wut also climinates the need for passive
enubers?], due to the much reduced switch
stress and cost.
A three-phase ZCT PWM voltage
. SOUTCE inverter using auxiliary
commutation is shown in Fig.i(a). The
circuit operational waveforms for one
switching cyele are illustrated in Fig.1(b),
when the current of the main switch is
reduced to zero prior to its tum-off.
However, the wm-on loss of the main
switch is mnot affected by the auxiliary
ciremit.  The auxiliary swilch turn-off
corrent (i instant i) is the same as the
output current lg, i.e., the same as the main
switch turn-off current in the hard-switched
converter. Therefore, this scheme ig not
suitable for high-power applications.

In this paper. new ZCT inverier
schemes are proposed and analyzed to
further improve the ZCT technique in
Fig.l. With modified coneo! and
topology,  all main switches and auxiliary
ewitches are switched on and off under

ZEMO-CUITent conditions, so the switching
lasses and  siresses  are reduced
significantly.

2. Analysis of the proposed ZCT three-
phase inverier:

The drawbacks of ZCT topology
shown in Fig.l for the tern-on loss of the
main switch is not affected by the auxiliary
circuit and the peak voltage pf resonant
capacitor is about twice that of the
switches. This voltage stress can be reduced
by the topology shown in Fig.2(a). In this
topology, twe series-connected auxiliary
switches are used for each leg with the low
power diodes De;-Deg used 1o clamp the
auxiliary switch voitage.

The operation o©f ZCT inverter
presented  here s characterized by soft
switching [ copditions which are achieved
hy actuating the auxiliary switching cireuit
in the transient periods.

The simulated waveforms during
one switching period are shown in
Fig.2(b). There are tine difference stages of
the inverter circuit that can be discriminated
during one switching period as illustrated in
Fig.3.

On analyzing the inverter nperation,
the output current is assumed constant
during one commutating intervat, Because
of the symmetry of the gircuit
configuration, the consideration under the
condition of ihe output current 1>0 can be
applied 10 case of 1,<0. Before the main
switch S, turns on the output current [,is
conducted by Da. The auxiliary current iy 15
zero and the resopant capacitor voliage ¥y
has a value equal to Yoo, The nine inverter
circuit sltages are as fallows.
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{#) Turn-On Transition 1{ty,t,):-

At t,, 8, isturned on initiating the
furn-on The
resonant tank consisting of L, and C,
starts (o resonate 20d  the auxiliary
current i, resonales  from zero 10
positive peak at t; while the current in
the diode D; i5reduced to zero. So, 5
is tuned on under ZCT condition at 1)
and the turp- 15 reduced
significant]y.

transition. auxiliary

on loss

{b)Turn-On Transition I (1, t;): -

The currept rises rate of the switch
S after turn-on is limited by the resonant
inductor, After 1), i, decreases rapidly
toward zerc at t; because the supply
voltage Vs/2 will oppose the flow of the’
TESOnAant current. '

(¢} Ture-On Transition ITI(E,t):-

At t, iy, retwrns to zerd. So the
switch S, tumns off at ZCT condition at
t2. Since the resonant capacitor vollages
Vx is postlive, then the auxiliary circuit
continues resonaling and negative i, is
conducted by the clamp diode Des. This
stage vanishes when the current i,
retumns again to zero,

{d) Switch-on Stage (t3,14):-

When i, returns 1o zero again at ty,
Dy is tumed off naturally. Then ,the
auxiliary circuit stops resonating and
disconnected from the main circuit
functionally. The converter resumnes its
PWM operation and the duration of this
stage  is delermined by the PWM
control,

{(e) Turn-off Transition [ {ty,t5):-

Before the main Switch $) is turned
off, the auxiliary switch S, is turned
on at tg. The resonant tank starts to
resonate  again. Tle resonant path
mcludes Ly, C, and the {Vg/2) input
voltage. Current i, 1s negative and its
magnitude increases from zero to peak
and then decreases. When i, returns to
zero at ts, S.is wwmed off under ZCT
condition. Since the resonant capacitor
voltages V, iz less than (-Vs/2) then
switching on the auxiliary switch S, at
ts allows the awaliary civewit w
continze resonating after t;. The
positive iy is conducted by S,y and Dy,
Hence the current of the main switch
5, (Iy~ &), is decreasmg for iy increase.
The interval of this stage is terminated
at ts when i, reaches Tp.

() Turn-off Transition T1 (t;,t-)-

Al 1,
switch current is reduced 1o zero So,
the switch S, is turned off under the
ZC1 condition. As i, keeps increasing
after t; the surplus current will flow
through the parallel diode of S; and
clamp the voltage a cross §) to zero.
S0, the gate signal of 5, can be
removed without causing much turn off
logs,

1; reaches I; and the main

{g) Turn-off Transition [T (ty, ty):-

(61)

At 1y, i falls 10 [y and the parallel
diode of S| stops conducling. Hence
the capacitor Cy recharges through the
load at an appreximately constant
current of Iy This mode end when the
capacitor voliage becomes equals to
(Vs/2) at t3 and tends to over charge
due to the energy stored in inductor lxe
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(hy Turn-off Transition TV (tg, ta}i-

At g, V. is charged to (Vs/2} and
the diode Dy starts conducting. So, the
resonant  tank begins to resonate again,
As i, resonates toward zero, the current
in the main diode increases gradually
and i, returns to zero at ty where Byl 18
turned off at ZCT condition,

(WClamyp diode on stage (s, tig):-

At to, V, is being charged to positive
voltages above {Vs/2) and the clamp
diode Dgy conducts
current i, This curtent resonates from
Zero to negative peak and retums back
toward zero at tp. At the end of this
stape the resonant capacitor voltage Vs
is equal Vo which is the same value as
the initia! voltage.

the auxiliary

3- Design of the ZCT circuit: -

The design of the auxiliary circuit
requires  the determination of  the
capacitance C, and inductance L.. The
auxiliary circuit should be designed to
achieve wero current switching with
maximum main current while keeping the
power  loss
minimurn B Since turn-off transition is
more critical than the tarn-on twransition, the
following design procedure is mainly based
on the switch tum-off requirements. To
reduce the switch loss , the duration of turn-
off Transition [}, Tar=(t7-1s), should be long
enough such that most storage charge of
the main switch will be recombined. [n the
following analysis the design is based on
maximum output current L. From the state

in the auxiliary circuit a

plane trajectary %) of Fig.d we can get.

L

Top=t, =1

eeme(1)

T = 2(-:05'1 w IE‘;

Ty = {To cos™ m)a"it ——{2)

1,
Where: m=— ,
Feg

T, = 22 TxCx

[ Is the resonant peak of iy during
tutn-off, Assuming Vi 1s ZeTo at ta wathout
loosing much accuracy, we can estimate Lo
to bel't,

_Vs/2
Zy

Where:

Ik

The valug of Terused in designing

‘the tesomant circuit depends on  the

switching devices. Generally Tom should be
much longer than the current fall time of
the main switch oA longer Tor can be
achieved by either increasing lp or
increasing T, Our design objective is 10
minimize the conduction loss caused by the
soft switching action for given Ton. From

the state plane shown in Fig4 we have:
! w,Te=0 T 3)

3_' o
and ;,

ereee(4)

! -
G=cos” —2L =cos” m
Il"'K

Using the above equations and definitions it
can be shown that: -
b1
g = — D

m CxVsi2

()
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Substituting for T, using eq.(5) into eq.(2)
vields:

3

T =2mCx ALL CIC I R— )
I
Let T, = CxVs/2 _ Q
IO ]0

be the available tum-off time® then:

Ty =2mT, cos 'm

Ty =28T, cosf - {7)

The per unit tarn-off time (Tun'To)
as a function of current ratio m is plotted in
Fig.5. The optimum design condition is
obtained at the maximum per unite turn-off
time as shown in Fig.S. The eriterion can be
calculated by setting  the
derivative of eq.(7) equal to zero and

accurately

solving  the  resulting  (ranscendental
equation.
dT
9 = 2T, (cos6 - Bsind)=0
do
8=cotd --~--(8)

By numerical solution of q. () we get:
&=0.86rad = 49.3°

m=1{,652

Onece m=M is chosen Lx and Cx canbe
calculated as follows:-

L ©)
4l cos” M

Cxe—. dolor

MVscos™ M -""(“})

A practical converter will have
much  more complex loss models for its
component and the oplimum design can
only be achieved through experiment. The
conduction  cluration of the auxiliary switch
is always 75 % of the resonant cyele. The

main  switch can be turned on or off around
the resonant peak of i,

4-Experimental Results: -

The three-phase  2CT  inverter
shown n Fig6  has been built and tested.
The control circuit  of the main and
auxiliary switches is illustrated in Fig.7.
Also the synchronized pulses required 1o
control the operation of the designed ZCT
mverter arc given in Fig.2. Load voltage of
{30Hz) frequency has been obtaincd with
switching  frequency of (600Hz) and
respnant frequency of (10K Hz).

Fower MOSFET's {type VN40O0A)
are used foi ali main and auxiliary switches.
Fips.8-103,  show the  experimental
waveforms. It can be seen that the circuit
waveforms  comply with (heoretical on
analysis and simulation. Fig.8 (a, b and ¢
shows the synchronized control pulses of
the main switches and auxiliary switches.
Fig.9(a) shows the output three-phase line-
to-neutral voltages WV, Vi, and VY, for
resisttive koad only. Fig,%(b and ¢) shows the
oulput phase and line voltages respectively
for resistive load. Whercas Fig.%(d and c)
shows 1hose voltages for inductive Ioad.
Fig 10 {a) shows the current of the main
switch 5;. As it can be seen in this fipure,
the cutrent is increasing at the beginning of
the wm-off stage due 0 the resonant
inductor current and then decreasing at the
end of this stage to zero.The resenant
capacitor voltage and inductor current
waveforms are shown in Fig.1(b and )
respectively. It can be seen that waveforms
arc similar to those obtained from the
theoretical analysis.

Fig'!  shows (he measured
efficiency of the implemented three-phase
mverter for different values of the input
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voltage. 1he etficiency has been carculated
far the hard switching and soft swilching
conditions of the inverter. It can he seen
that the measurcd efficiency of ZCT PWM
inverter is higher than of the conventional
PWM inverter at heavy load,

5.Conclusions: -

1o this paper apalysis of the steady-
state operation of moderate power inverter
has been presented and design algorithm to
determine the components of the resonant
tank has been developed.

The designed inverter has been
using  poOwWer MOSFET

novel control circuil o

implemented
switches  and
produce a.c. power of {(SOHZ) frequency.

The theoretically depicted
waveiorms and these obtained
experimentally  are in good agreement,
which means that switching loss and stress
are reduced sigpificantly.

The snubber can be reduced or
chiminated in the ZCT inverter and its cost
may be reduced while its efficiency, EMI
emissions,  reliability, and
performance are improved, Experimental
results prove that significent efficiency
improvemenrt can be achieved using the
ZCT circuit.

dynamic
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Fig.l :-Three-phase ZCT PWM inverter.

(a) Topology.

(b} Operational waveforms im sne switching cycle of 5.
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Fig.2:- New ZCT three - phase inverter,
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(b} Operationzal waveforms in oue switching cycle of Sy.
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g- output three-phase line-to-newtral voltages Vi, VonandV oy at resistive
load only .

35 Vidiv
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c- outpnr line-to-line voltages V., at resistive load oniy.
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