Three-phase soft-switching inverter for induction motor

drives
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Abstract: A zero-voltage transition (ZVT) soft-switching inverter for an induction motor drive is
developed. The proposed soft-switching inverter is formed from the traditional pulse-width modulated
(PWM) inverter by simply augmenting with auxiliary resonant circuits, and the soft switching is
achieved through applying PWM switching control signals with suitable delays for the main and
auxiliary switches. No additional voltage and current sensors are required in the implementation. The
operations and governing equations in various modes of the proposed soft-switching inverter are first
analysed then, accordingly, a quantitative design procedure is given to find the values of the auxiliary
resonant circuit components and the delay times of the switches for achieving ZVT control. Finally,
the designed soft-switching inverter is used for powering an indirect field-oriented ([FO) induction
motor drive to test its effectiveness. The simulation and measured results show that a smaller
switching loss and higher conversion efficiency are obtained by the proposed soft-switching inverter.

List of symbols
Cy+—Cecry C.=sum of parasitic capacitance and added
external capacitance of the main switches
TA+,~ TAA: TB+7 TB—> TC+ and Tc_

Coi—C, = parasitic capacitances of T4, T4, Tt
TBr—a TCr+ and TCr*

Cpar+—Cpcr. = parasitic capacitances of D 4., D4, D,

v DBV—’ DCr+ and DCr—

G = input filter capacitance of inverter

D, —Dc_ = anti-parallel diodes of main switches

D4—D¢.. = diodes used in auxiliary resonant branches
for releasing the energy stored in the reso-
nant inductor

D,.—D,. = diodes used in auxiliary resonant branches

to prevent the undesired resonance
I = switching frequency of inverter

Ip = continuous drain current of MOSFET

Ipy = pulsed drain current of MOSFET

s g = currents of main switches Ty, and T,

Lypiy Ly = currents of auxiliary switches T, and
Ty

Irar = resonant inductor current of auxiliary res-
onant branch of soft-switching inverter

I, = line current of induction moter

14 pmax = maximum value of I

' = current command of I,

i ar max = maximum current of i; 4,

iraron = resonant inductor current in on-state
mode
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(Lar.on)max = maximum current of I 4, ,,
Ly, Ly, L¢, L, = resonant inductors used in auxiliary res-
onant branch

Py, Py = switching losses of T, and T ,_

P, P, = switching losses of T4, and T4,

P,, = output power of inverter

Rpsion = static drain-source on-state resistance of
MOSFET

Rgsc = junction-to-case thermal resistance of
MOSFET

TyTe = main switches

Ty—Tc, = auxiliary switches

T; = maximum junction temperature of
MOSFET

T, = switching period

ty = delay time for turning on the main
switch

I = blanking time interval

t, = small time interval greater than the for-
ward recovery time of diode

Vy = DC-link voltage of inverter

Vi max = maximum value of DC link voltage

Vges Vo = voltages across 74, and T,

Vot Voo = voltages across T4+ and T,

@, = rotor angular speed

1 Introduction

It is known that the performance of a pulse-width modu-
lated (PWM) inverter-fed systern can be much improved by
increasing the switching frequency. However, this will suf-
fer by giving high switching losses and large switching
stresses of the power devices, and moreover, the problem of
electromagnetic interference [1, 2]. During the past decades,
many attempts [3-12] have been made to solve these con-
tradictory problems. Among these, the resonant DC-link
inverter [3, 4] is the most commonly used one for induction
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motor drives, owing to its simplicity, but it possesses the
disadvantage of having a high resonant link voltage, which
is equal to or greater than twice the supply voltage. Several
approaches [5, 6] have been developed to limit this over-
voltage, but they are not suitable for performing PWM
switching operations. In the existing parallel resonant DC-
link circuit [7] and synchronised resonant DC-link con-
verter [8], the soft switching is achieved using additional
switches. Their resonant circuits are complex and difficult
to control. In addition, their peak DC-link voltages are also
higher than the supply voltage, and the auxiliary switch
current is not zero during the steady-state, which will lead
to increased conduction losses.

To solve the aforementioned overvoltage and the limita-
tion of PWM operation problems, some resonant snubber-
based soft-switching PWM inverters have been devised in
[9-16]. Although the soft switching of main switches can
easily be accomplished by adding auxiliary switching
branches to the conventional inverter circuit and giving
proper switching control signals, different problems still
exist in different types of inverters. For example, the ordi-
nary resonant snubber inverter [9] or the auxiliary resonant
commutated pole inverter [10] needs two equal and bulky
capacitors connected in series to accomplish commutation.
The resonant zero-voltage transition (ZVT) inverters devel-
oped in [11, 12] require multiple transitions to achieve the
desired state changes, and voltage clamping diodes are also
needed to avoid overvoltage across the auxiliary resonant
switch during resonant current resetting. Recently, a three-
phase delta configured resonant snubber inverter for an
induction motor drive has been developed [13]. The auxil-
iary resonant branches are connected between different
phase-leg outputs to avoid using additional bulky capaci-
tors and generating overvoltage in the resonant switches.
However, it possesses a limitation in switching control as
the nonadjacent state-space vector modulation is used for
releasing the energy stored in the resonant inductor to
accomplish soft switching. This limits the switching control
flexibility and thus produces larger current ripples. In addi-
tion, its switching control signal generation scheme is still
complicated.

A three-phase ZVT soft-switching inverter for an induc-
tion motor drive is developed in this paper. The proposed
inverter circuit is formed from the conventional inverter
with its main switches being connected in parallel with aux-
iliary resonant branches. The soft switching is successfully
achieved by simply applying suitably modified switching
control signals for the main and auxiliary switches during
the blanking time periods of the original PWM signals.
Since ZVS and/or ZCS at turn-on and turn-off of all main
switches and diodes can be achieved, the switching losses
can be significantly reduced. Compared with the main
switch, the current rating of the auxiliary switch can be
chosen to be much smaller owing to its very small conduc-
tion duty ratio. In addition, the overvoltage across the aux-
iliary resonant switch is also limited to be small by the
proposed soft-switching scheme. Moreover, since the main
switch and the auxiliary switch can be independently con-
trolled, the PWM switching control of the inverter is very
flexible. After performing the detailed analyses for all oper-
ation modes of the proposed inverter, a procedure is estab-
lished to quantitatively design the circuit components. The
validity of the designed inverter is verified by some simula-
tion and experimental results on a vector-controlled induc-
tion motor drive with impressed currents [17, 18].
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2 Operation principle and governed equations of
the proposed soft-switching inverter

The system configuration of the proposed soft-switching
inverter-fed induction motor drive is shown in Fig. 1. The
power circuit and switching control mechanism of this soft-
switching inverter are constructed from those of a conven-
tional PWM inverter by only slight modifications. The
switching signals generated from the conventional indirect
field-oriented current-controlled PWM mechanism are
processed by the proposed soft-switching control signal
generating scheme to yield the desired switching signals.
Fig. 2 shows the circuit configuration of the proposed
three-phase soft-switching inverter. Each main switch leg is
connected to an auxiliary switch leg through an inductor,
which is common for the upper and lower parts of each leg.
Each auxiliary resonant branch (74, as an example) con-
sists of an unidirectional auxiliary switch T ,,, two diodes
D, and D,,, a resonant inductor L, and a snubber
capacitor C,.. of the main switch 74,. The diode D, is
used to provide a path for releasing the energy stored in
L,,, and the diode D, is employed to prevent undesired
resonance forming by the resonant inductor and the para-
sitic capacitor of the auxiliary switch.

rectifier filter
i

T
3¢60Hz clv soft-switching
AC 120V Af i Yd inverter
conventional
_ | PWM
ot ']31‘:'(1 I_‘:\. switching ;‘_J Ta+~Te. Tars~Ter.
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ol control L3 signal | Blqt switching signa
e 1| generating | 1¢ ] generating scheme
mochanism(S} °sneme- |
Ic ]‘ [

Fig.1 System configuration of the proposed soft-switching inverter-fed indi-
rect field-oriented induction motor drive

The switching control signals of all switches during one
particular switching period are shown in Fig. 3. The soft-
switching of a main switch is achieved by the switching
control of an auxiliary switch, whose turn-on period is allo-
cated during the blanking time period of the main switch.
Therefore the auxiliary switches only conduct in a very
short time interval. Since each main switch of the proposed
inverter can be independently operated, the analysis of the
three-phase inverter switching operation can be made based
on the single-phase approach. The operating principle of
the proposed soft-switching inverter is explained by the
turn-on and turn-off of the switches in leg A with the
related voltage and current waveforms being sketched in
Fig. 3.

To simplify the analysis, the following assumptions are
made: the input filter capacitor C; is large enough so that
the DC voltage ¥, can be assumed to be constant; all the
resonant inductors and resonant capacitors are ideal and
identical, i.e. Ly, = Lg, = LC, Lyand Cypp = Gy = Cpy

= Cp. = Cou = Ceo. & C,, where C, is the sum of the
IGBT’s parasitic capacitance and the added external capac-
itance, respectively, and the resonant inductance L, is much
smaller than the motor inductance so that the load current
can be regarded as constant during the short switching
period. For the inverter with a lagging power factor load,
as the main switch is turned on, it will be operated in an
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Fig.2 The proposed three-phase soft-switching inverter
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on-state or conduction-state depending on 1ts current direc-
tion. The circuit operations and governing equations of the
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proposed inverter under various modes in these two states
are described in detail in the Appendix (Section 8.1).
According to the analysis made in this Appendix, the
soft-switching characteristics of all the switches and diodes
employed in the proposed soft-switching inverter are sum-
marised in Table 1. For the main switches and diodes, the
ZVS and/or ZCS switchings are obtained, and the zero-
voltage transitions of the main switches are successfully
achieved. As for the auxiliary resonant branches, only hard
switching at the switches’ turn-off exists. However, since
MOSFETS with much lower ratings can be emploved for
the switches, their switching losses are negligibly small
owing to the very fast switching characteristics. This phe-
nomenon can be observed frorn the simulated and meas-
ured results provided later. It follows that the proposed
soft-switching inverter possesses much improved conversion
efficiency compared with the conventional inverter.

Table 1: Soft-switching characteristics of switches and
diodes

Soft-switching
Devices characteristics
turn-on turn-off
Main circuit switches Z2VS,ZCS  ZVvS
(Ta—Tc)
anti-parallel diodes  ZVS ZVS, ZCS
{Da,~Dc)
Auxiliary circuit switches ZCS none
(TAr+’TCr‘)
diodes ZCS 2VS, ZCS
(DAH-"DCr—)

3 Design of the proposed soft-switching inverter

3.1 Switching signal generating scheme

1t is clear from the analysis made in the Appendix (Section
8.1) and the waveforms sketched in Fig. 3 that the pro-
posed soft switchings can be successfully achieved by letting
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the turn-on of the auxiliary switch intervene between the
switchings of the upper and lower main switches of each
leg. The turn-on interval of the auxiliary switch should sat-
isfy the condition of eqn. 15. Generally, it is sufficient to let
this turn-on interval be equal to the blanking time ¢,. This
will significantly facilitate the implementation of the switch-

ing signal generating scheme. Accordingly, a switching sig- -

nal generating scheme for realising the proposed PWM
soft-switching control is shown in Fig. 4, which is easily
obtained from the conventional PWM switching scheme by
slight modification.
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Fig.4 Switching signal generating scheme of the proposed soft-switching
inverter

3.2 A systematic design procedure for an
auxiliary resonant branch

3.2.1 Observation: One can observe from eqns. 6 and 7
listed in the Appendix (Section 8.1) that the maximum
values of #; and I, ,, occurring at I, = 0 in the on-state
mode are

tl‘Z,maa: = 7T/2(1/wr) = 77/2\/ 2L7«CT (].)

and
(ILAr,on)maz = Vd/Zr (2)

respectively. Accordingly, the comparison between eqns. |
and 2 and eqns. 13 and 14 (in the Appendix (Section 8.1))
indicates that (t56 + 167) >t 12,max and II LAr,mcL‘(l > (ILAr,on)max~
It follows that the turn-on interval (z,) of the auxiliary
switch and its current rating should be determined accord-
ing to eqns. 13 and 14 in the conduction-state mode.

3.2.2 Design procedure: The basic specifications of the
inverter are given as: :

maximum DC-link voltage = V4«

maximum induction motor line current = I, ..
switching period T}, = 1/f;
According to the governed equations derived in the previ-
ous Section and the waveforms sketched in Fig. 3, the

circuit components of the auxiliary resonant branch can be
systematically found according to the following procedure:

Specify t;and t,: Since t; = ty = tsg + tg7 + t, from eqn. 15,
if the delay time #, is specified too small there will be no
sufficient time of ¢, to let the circuit be normally operated.
Conversely, if #; is too long, the PWM switching perform-
ance will be much deteriorated. Generally, #, can be speci-
fied to be 0.05(7y) to 0.1(T}), according to the typical value
of the forward recovery time of the anti-parallel diode and
the switching speed of the main switch, or it is also satisfac-
tory to specify ¢; (= t,), according to the typical blanking
time for the chosen main semiconductor switch.
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Determine the maximum resonant inductor current Iy 4y
It is clear from eqn. 13 and the waveforms sketched in
Fig. 3 that I} 4 ., should be greater than 1, such that
the main switch can be turned on with ZVS. Accordingly,
it is convenient to let 7, 4,4 = XL 4 X > 1. In practice,
1.3 < x < 1.5 is a reasonable choice.

Determination of L, and C,: From eqns. 13-15, the induct-
#ance of L, and capacitance of C, can be uniquely deter-
mined in sequence as follows:

Vd ,maz (td - tE)

L.=
[A maz(l + (:I? - 1)%)
Lo [(@ =D amas]”
C, = on |l Amer
2 [ Vd,maz jl (3)

Selection of auxiliary switches: Since the conduction duty
ratio of the auxiliary switch is very small, a small rating
MOSFET can be employed. The details about the selection
will be explained numerically in the following Section. Due
to the high-speed switching characteristic of MOSFET and
the possession of ZCS turn-on switching, very low switch-
ing losses of the auxiliary switches can be obtained.

Based on the design procedure described above and the
given system ratings, the design of the circuit components
of the proposed inverter is presented in the Appendix
(Section 8.2).

4 Simulation and experimental results

Before performing the implementation, some Pspice simu-
lations are made for a vector-controlled induction motor
drive with an impressed current to check the validity of the
analysis and design presented above. Under the maximum
load current 1, = 7.64A, the simulated waveforms of
the designed soft-switching inverter with f; = 40kHz at on-
state and conduction-state within a switching period are
plotted in Fig. 5. The results show that 7. is operated in
the on-state (modes 0 to 4) and T4 is operated in the con-
duction-state (modes 5 to 10) with the waveforms being
similar to those predicted in Fig. 3. In addition, the values
of the simulated variables are also all close to those derived.

840 845 850 855 860 865
time, us

Flg 5  Simulated voltage and current waveﬁ)mm of the proposed sofi-switch-
ing inverter within one switching period at I, = 7.644
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Having tested the validity of the designed soft-switching
scheme by simulation, the circuit of the designed inverter
for driving the IFO induction motor drive, shown in
Fig. 1, is implemented. The induction motor is mechani-
cally coupled to a DC generator with a switched resistor as
a dynamic load. The motor speed is operated at w,g =
1000rpm and R; = 27.8Q. Figs. 6a and b show some meas-
ured waveforms of the main switch 7, and the auxiliary
switch T, of the designed soft-switching inverter. The
results are very close to the predicted ones. One can
observe from the results shown in Fig. 6 that, in addition to
the main switch, the switching loss produced by the auxil-
iary switch is also very small. This confirms the comments
made previously. For the same operating conditions, the
measured waveforms of the inverter with a typical R-C

Pa. 1000 W

fe_

F,.__

]

Fy
>

Va. /‘"""" I N 200V

le

2us
a
]
) 1000 W
P b X
a-
igon x
v, 200V
o | | +
Jﬂ
iAr- [( x
5A
e X
L
2
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Fig.6 Measured voltage, current and power waveforms of the designed soft-
:wzzchmg inverter at Wy = 1000rpm, Ry = 27.8Q2
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A v ¥
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Fig.7 Measured switching waveforms of T 4. of the conventional hard-
swilching inverter at @y = 1000rpm, Ry = 27.8 524
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snubber and conventional PWM hard switching are plotted
in Fig. 7. Comparison between the results of Figs. 6 and 7
indicates that owing to the zero-voltage-transition by soft
switching, the proposed inverter possesses much less
switching power loss, turn-on dv/dt and di/d¢ in the main
switch.

The conversion efficiencies at three output powers
under five switching frequencies are compared in Fig. 8.
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Flg 8  Conversion efficiencies of the sofi-switching inverter and hard-switch-
ing mverter at different switching frequencies
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The efficiency of the inverter is measured by using the
power meters placed at its input and output sides, and the
efficiency is defined as 7 £ P,,/P;, (P;, and P,,, denote the
input and output powers of the inverter, respectively).
Higher efficiencies yielded by the proposed inverter are
clearly observed from the results shown in Fig. 8. The effi-
ciency improvement at lighter load and higher switching
frequency is more prominent, since the proportion of
switching loss is larger.

4A

e

a 10 ms

fe—»{
b 10ms
Fi%g Measured steady-state motor line current at @, = 1000rpm, R, =
78.

a Hard-switching inverter
b Soft-switching inverter

10 ms

Fig.10  Measured transient motor line current 1, and its command 1,” when
the gmzo)r is changed from (@3, = S00rpm, R, = 786 10 (@, = 10007pm, Ry
=786%

Figs. 9a and b show the measured steady-state wave-
forms of the motor line currents 7, by the hard- and soft-
switching inverters at ,” = 1000rpm, R; = 78.6£, respec-
tively. A large reduction in the high-frequency spikes by the
proposed soft-switching inverter can be observed from the
results. Finally, the measured transient motor line current
I, and its command I," when the motor is changed from
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@, = 500rpm, R; = 78.6Q2 to w, = 1000rpm, R; = 78.6Q in
step are plotted in Fig. 10. The smooth and fast-tracking
current response is obtained by the designed inverter. The
measured rotor speeds of the induction motor fed by the
proposed soft-switching inverter due to the step command
change @, = 1000rpm — 1100rpm (R, = 78.6Q) and the
load resistance change R;q = 78.6Q0 — 27.8Q (wg =
1000rpm) are plotted in Figs. 11a and . The results indi-
cate that good current and speed control performances are
obtained. It can be concluded from the results provided
above that the proposed soft-switching inverter is easily
obtained from the conventional one without sacrificing the
current and speed responses of the motor drive. However,
the switching losses, the conversion efficiencies and the
switching stresses yielded by the inverter can be much
reduced by using the proposed soft-switching technique.

1
L 1100 rpm
ey by divagaeidorpalridemfptarede
v /,m""' 7
®p —
1000 rpm i
e itor
1
a
02s
O fw . ¢ NI URPNTI VIRV TIY 3 b
25 rpm
]
b >
02s
Fig. 11 Measured rotor speed dypamic responses

a due to the step command change ®,” = 1000rpm — 1100rpm (R, , = 78.6Q)
b due to the load resistance change R; = 78.6Q — 27.8Q (@, = 1000rpm)

5 Conclusions

The design and implementation of a resonant snubber-
based soft-switching inverter-fed indirect field-oriented
induction motor drive are presented. The proposed soft-
switching inverter is constructed from the conventional one
by simply augmenting with auxiliary resonant branches,
and the soft-switching is easily achieved by suitable switch-
ing of the auxiliary switch within the blanking time period
of the main switches. The major advantage of the proposed
inverter is that the switches in each inverter leg can be inde-
pendently controlled, therefore the PWM switching control
is very flexible. Having derived the governed equations in
various operation modes, the quantitative design of the
proposed soft-switching inverter is performed. The simula-
tion and measured results demonstrate that good perform-
ances of the inverter and the induction motor drive are
obtained through using the proposed soft-switching
scheme.
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8  Appendix

8.1 Circuit operations and governing equations
of the proposed inverter

On-state
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ages across the auxiliary switches 74, and Ty,_ are v,y =
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where C,._ and Cp,. (not explicitly shown in Fig. 12)

denote the parasitic capacitances of T, and Dy, . The
current paths in this mode are shown in Fig. 12.

Mode 1 (t; ~ ty): At ¢ = ¢, the main switches 7', and T,
are turned off with ZVS, due to v,_(¢)) = v, (7)) = 0, and
meanwhile the auxiliary switches 7', and T, (rather than
the main switches 7, and Tz_) are turned on for a blank-
ing time interval 7,. This leads to the circuit configuration
and current paths shown in Fig. 13. During this period, v,
=0 and v, = ¥, Through careful derivation, the resonant
capacitor voltages and inductor current can be found to be
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Fig.14  Circuit configuration and current paths of mode 2

Attt =1, Cy, is charged to vey, () = vy (ty) = V, and
Cyr+ 1s discharged to vey(t) = vy, (ty) = 0. This leads to
the conduction of D, with ZVS. From eqns. 4 and 5, one
can find the time interval and the final value of the reso-
nant inductor current of this mode as

™

. [V2 .
ir4r(t2) 2 Ir Aron = _Z% +13(1 —sing) (7)

IEE Proc.-Electr. Power Appl., Vol 148, No. 1, January 2001

Mode 2 (t, ~ t;3): As the anti-parallel diode D 4, conducts
at ¢ = t,, the circuit enters into mode 2 as shown in Fig. 14
with its initial resonant inductor current iy 4(t2) = Ip 4 4n
and the main switch current i,,(%) = ~I4 — I1 4, ,, This
mode ends at ¢ = £; with the time interval of 1,3 = 13 — #, =
ty — 112 Due to a very small resistance of the flywheeling
path formed by 74,., D,., L4, and D 4, both i; 4 and i,
keep nearly constant during this short interval mode. In
this mode, v,, = 0 and v,_ = V.

Mode 3 (13 ~ ty): At t = &, the auxiliary switch T, is
turned off and the main switch 74, is turned on simultane-
ously. The freewheeling diode D ,,, conducts, and T, is

15

Authorized licensed use limited to: Chin-Yi University of Technology. Downloaded on November 3, 2008 at 02:40 from IEEE Xplore. Restrictions apply.



in an on-state (owing to i < 0). This leads to the circuit
configuration and current paths indicated in Fig. 15. The
main switch T, voltage is clamped at V, the resonant
inductor current i; 4, decreases linearly from I ,,,, and
the main switch current i, increases linearly from (-1, —
11 4r0n)- In this mode, the energy stored in the resonant
inductor is transferred back into the DC source. At ¢ = 14
this mode ends at which i; 4,(z;) = 0 and i4,(t4) = -1 4. The
time interval of this mode can be found as

L,
Vd-ZL Ar,on (8)

During this period, v,, = Vyand v, = V..

A
t34 =t4 —t3 =

Mode 4 (14 ~ 15)1 Attt = 1y, iLAr(t‘t) = 0, DAH— turns off’ with
ZCS, and this leads to the circuit configuration of Fig. 16
with i,, = -I, steadily. The voltages are v,, = V; - V, &

Vi and v,. = V4 in this mode. The switching operation
from T, (conduction-state) to 7, (on-state, D,, con-

ducting) is completed.
Conduction-state

Mode 5 (t; ~ t4): Initially, T4, Tp and T, are on at ¢ =
ts, accordingly, v.(t5) = 0, v, (ts) = V,; and i; 4(t5) = 0.
Referring to Fig. 3: at ¢ = 15, the main switch T, is turned
off with ZVS, due to v,.(t5) = 0, and the auxiliary switch
T,,_, rather than the main switch 7, is turned on. This
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leads to the circuit configuration shown in Fig. 17. The
resonant inductor current can be found as

-V,
T

The resonant inductor current i; 4, = —iy,_ increases line-
arly in the negative direction until it reaches —/ 4 at 5 where
D, is turned off with ZCS. This mode ends at ¢ = 7 with
the time interval found from eqn. 9:

ipar(t) = (t —ts) ts <t <ts (9)

L.14
\Z}

A
t56 = t6 - t5 = (10)

In this interval, v,, = ¥V, and v, = 0.

Mode 6 (15~ t,): After the turn-off of D 4., at ¢ = 15, the res-
onant circuit is formed by L,,, Cy.y, Cyp, D, and Ty,
as shown in Fig. 18 with the initial condition ij 4,(t5) = —
1,. The resonant inductor current and the capacitor volt-
ages are found to be

va_(t)=Vy cosw,(t — tg)
var(t) = Vy — Vycosw,(t — tg)
irar(t) = —Ia - lzfisinwr(t —tg) tg <t <ty
' (1)

The resonant inductor current #; 4, continues to increase in
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the negative direction. During this interval, Cy,_ is dis-
charged to zero and C,,, is charged to V, at t; where D,
conducts with ZVS. From eqn. 11, one can find the time
interval of this mode and the maximum resonant inductor
current as

ter Sty —tg = g\/ercT (12)

A
Ip armaz = tnar(ty) = —Ia — — (13)

During this interval, v,, = V;and v, = 0.

Mode 7 (t; ~ tg): As Cy,_ is discharged to zero at ¢ = {5, the
anti-parallel diode D ,_ turns on with ZVS with initial cur-
rent i, = -V,/Z,. It is clear from Figs. 3 and 19 that the
turn-on of the main switch 7, will be ZVS if its switching
control signal is applied at a time instant after 7;. From
eqns. 10 and 12, one can find the delay time ¢, for turning
on the main switch 7, with ZVS should fulfil the follow-
ing condition:

L,
oLa g\/ZLTCT (14)

Va

In the proposed switching scherne, it is satisfactory to let

tqg > ts6 +ter =
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ty; = tn. Considering the time interval 7, within which D,
enters the conduction state completely through the forward
recovery process; the delay time 7; can be set as

A .
tq =ta = tse + o7 + te (15)

The voltages v, and v,_ are kept at the same values as
those in mode 6.

Mode 8 (tg ~ to): At t = 1, the auxiliary switch T4, is
turned off and the main switch 7 ,_ is turned on. Initially,
i, 1s negative, so T,_is in the on-state and the freewheel-
ing diode D, conducts. The circuit configuration and
current paths are shown in Fig.-20. It can be found that
iz 4rincreased linearly toward I, at ¢ = to, L.e. iy 4{(fo) = —I4

"~ and iy (f9) = 0. At ¢ = £, this mode ends and 7',_ turns on

with ZVS. One can find the time interval of this mode from

A L,

tgg =tg —tg = — 16

89 =10 — 18 = - (16)

During this interval, the v,_ voltage is charged from 0 to
V,, and v, is discharged from V, to V,.

Mode 9 (ty ~ t;5): The main switch T ,_ enters the conduc-
tion state after 9 due to iy > 0. The circuit configuration
and current paths are shown as Fig. 21. The main switch
current iy increases linearly from zero and the inductor
current iy 4, increases linearly from —/,. At ¢ = t1g, i4_(t0) =
1, and i 4(t;p) = O, so that D, turns off with ZCS. The
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Fig.22  Circuit configuration and current paths of mode 10
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time interval of this mode is

A Lr]A
tg,10 = tio — t9 = % (17)
d

During this mode, both v,, and v, are kept at the same
values as those in mode 8.

Mode 10 (15 ~): After the turn-off of D4,_at ¢ > 1, the cir-
cuit configuration becomes that shown in Fig. 22. T,
conducts the load current totally, and one cycle of the
switching operation from 7, ON (on-state) to 7, ON
(conduction-state) is completed. The soft-switching is
achieved by simply arranging the turn-on of the auxiliary
switch T4, within the blanking time interval.

8.2 Design of circuit components

The ratings of the proposed soft-switching inverter driving
a three-phase 800W, 120V, 5.4A, 2000rpm induction
motor are listed as follows:

Vimas =160V T4 mar = 5.4V2 = T.64A
fs =40kHz (T, = 25 pis) (18)

The components of the inverter shown in Fig. 2 are
designed according to the previous analysis to be:

Main switches: According to the voltage and current rat-
ings listed in eqn. 18, the IGBT module is chosen:
CM20TF-12H (20A/600V) (manufactured by Mitsubishi
Electric).

Resonant  auxiliary branch: By specifying I} 4 e =
1.41 4 0 = 10.7A, 1, = 0.067; and 1, = 0.0057 (i.e. 7, =
1.5ps, which is a reasonable blanking time for the chosen
IGBT of the main switch) the values of the resonant

20

inductor and the capacitor can be found from eqn. 3 to
be L, = 17.7uH and C, = 3nF. The fast diode RURP820
(manufactured by Harris Semiconductors) is chosen for
all the diodes in the resonant branches.

Finally, according to the given data, one can find that
(ILAr,on)max = 2.95A (< ILAr,ma.\' = 10-7A) and U2, max = 2
\N2L,C, = 0.512ps (< t; = t, = 0.05T, = 1.5us). This con-
firms the observation made above. Therefore the L, and C,
designed at the worst case, I, = I, in the conduction
state are satisfactory for any other load conditions.

From Fig. 3 and the data given above, the worst auxil-
iary switch current can be regarded as a periodic pulse with
a duty ratio of 6% and an amplitude of 10.7A. According
to the MOSFET data book, IRF840 having the following
parameters may be a tentative candidate:

Vps = 500V, I = 8A

Rpsiony = 1.92Q at I, = 10.7A and the maximum junction
temperature 7; = 150°C

Rgje = 0.1°C/W when the duty ratio = 6% and the pulse
width < 10us

The single-pulse power dissipation of the assumed current
waveform can be calculated as

Ppy =107 x 1.92 = 219.8W

If the case temperature is reasonably assumed to be 65°C,
the junction temperature in this case can be estimated to be

T; = 65+ 219.8 x 0.1 = 86.98°C (< 150°C)

1t follows that IRF840 is suited to be an auxiliary switch in
the designed soft-switching scheme.
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