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ABSTRACT

This paper presents a novel three-phase power module bridge type auxiliary resonant AC link snubber for the
three-phase voltage-fed sinwave soft switching PWM inverter operating under specific instantaneous space voltage vector
modulation. The operating principle of this resonant snubber is described for current source load model during one
switching period, along with its design approach based on the simulation data. The performance evaluations of space
vector modulation three-phase sinewave soft switching inverter with a new three-phase active auxiliary resonant AC link
snubber are discussed as compared with those of three-phase voltage source-fed sinewave hard switching PWM inverter
with a standard space voltage vector modulation strategy. The power loss analysis and conventional efficiency estimation
of three-phase soft switching PWM inverter using IGBT modules are carried out including all the conduction power losses

based upon the measured v-i characteristics of IGBT and its antiparallel diode as well as their switching losses.
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1. Introduction

In recent years, research and development of the high
frequency soft switching sinewave PWM inverter circuit
and system application technologies have attracted special
interest to implement high operating performances related
to waveform high quality, quicker responses, higher
efficiency of a three-phase voltage source type sinewave
PWM inverter using IGBT power module packages. On
the other hand, the three-phase active rectifier with
sinewave input line current shaping and unity power factor,
and a three-phase bidirectional converter andctive pow
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-er filte are in addition to instantaneous static var
compensator (Active SVC) which effectively incorporate
the soft switching commutation snubber circuit have been
discussed and evaluated from an application point of view.

In general, the sinewave soft switching PWM power
conversion circuit and system topologies using active
quasi-resonant snubbers are schematically divided into
four technological categories; resonant DC link, resonant
AC link and resonant bridge leg link, and resonant arm
link. In particular, the power conditioning and processing
IGBT-IPM

(Intelligent Power Module) is substantially more suitable

converter circuits and systems using
and acceptable for either the auxiliary resonant DC
link!"™? or auxiliary resonant AC link®"*! snubber
scheme. Of these, the auxiliary resonant AC link snubber

circuit can be more effectively available for medium
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capacity and large capacity power and energy processing
applications as compared with those of the auxiliary
resonant DC link snubber circuits. The authors have done
performance evaluations so far on the star type
quasi-resonant AC link snubber scheme as well as the
delta type quasi-resonant AC link snubber scheme based
on a bidirectional switch configurated resonant AC link

(617 proposed in addition to the single resonant

scheme
inductor type resonant AC link snubber scheme!®.

This paper proposes the power module bridge package
type resonant AC link snubber for three-phase voltage
type soft switching sinewave PWM inverter"!  imple
mentation based on a bidirectional switch type resonant
AC link scheme. The operation principle of this soft
switching inverter circuit operating under the specific
instantaneous space vector sinewave modulation strategy
is described, including remarkable features. The practical
design approach of the resonant AC link snubber circuit
proposed here is graphically described for the simulation
characteristic data. The comparative evaluations of the
power loss analysis simulation developed by the authors is
actually carried out for three types of the three-phase
voltage source type soft switching and hard switching
PWM inverters using the IGBT power modules. The
practical effectiveness of this three-phase soft switching
inverter breadboard setup is verified on the basis of the
computer-aided simulation data and output waveform

characteristics.

2. Resonant AC Link Snubber Circuit

2.1 Circuit Description

The main circuit configuration of the single-phase
voltage-fed soft switching sinewave PWM inverter using
auxiliary bidirectional switch type resonant AC link
snubber circuit is schematically shown in Fig. 1. This soft
switching inverter operating under a principle of zero
voltage switching (ZVS) has lossless snubber capacitors
C,;-C,4 in parallel with the main active power switches
Q;-0, in a bridge arm. In the three-phase inverter output
ports, the edge resonant pulse soft commutation circuit
consists of the additional quasi-resonant inductor L, in
series with auxiliary bidirectional power switches Q,, and
Q.. including the lossless snubbing capacitors C,;-C,,. in
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Fig. 1. An auxiliary resonant AC link snubber with
hidirectional switch circuit.

the voltage source type inverter treated here. The main
power switches in the inverter bridge arm can achieve zero
voltage soft switching due to the active auxiliary edge
resonant pulse commutation. The lossless capacitive
snubbers in parallel with the main power switches to be
turned off have to be charged from zero to the DC supply
voltage Vs during the dead time period. As a result, each
main power switch can operate with ZVS commutation at
turn off mode transition. On the other hand, the lossless
capacitive snubber in parallel with the main power switch
to be turned on has to be discharged toward zero from the
supply DC voltage Vs. The current through the main
power switch commutates naturally to the antiparallel
diode of IGBT. In this case, the main power switch can
completely achieve ZVS and ZCS hybrid commutation at
turn off mode transition. And then, the auxiliary active
achieve ZCS
commutation at turn on and turn off mode transitions with

power switches Q,, and (, can
the aid of the resonant inductor L, and the resonant

capacitor C,=(C,; ~ C,,) during the dead time period.

2.2 Circuit Operation

All the power switches Q,~0, and Q,;, Q.> of the
auxiliary resonance AC link snubber circuit (see Fig. 1)
can operate under an ideal design condition in principle,
the operating mode of this prototype inverter is in
principle divided into eight circuit commutation modes for
the positive direction (/,>0) of the generalized arbitrary
load current source I, in addition to /,<0 during one
sampling period. Each equivalent circuit for the operating
mode of this resonant snubber circuit is depicted in Fig. 2.
The gate voltage pulse timing sequences and typical
voltage and current operating waveforms of this active
auxiliary resonant AC link snubber circuit in Fig. 2 are
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Fig. 2. Mode transitions and equivalent circuit.

respectively illustrated in Fig. 3. The operation modes 1 to
4 and the operation modes 5 to 8 are respectively the same
periodic operation. The operation modes 1-4 will be

explained below;
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Fig. 3. Voltage and current operating waveforms.

Mode 1
conducting. It is assumed that the switch current is flowing

In the first place, Q; and Q; are now

through the antiparallel diode of D, and D;. Q,, turns on
with ZCS in the active auxiliary resonant AC link snubber,
when the switching mode transitions are provided in
accordance with the gate voltage pulse signal sequences.
Mode 2
lineally, when Q> turns on. The currents passing through

The current i#;, through L, is increased

S, and S; when the current i, exceeds the equivalent load
current lo with the arbitrary value. 9> and Q; in this
inverter side are respectively turned off with ZVS, when
the
equivalent loss component in the quasi-resonant snubber

resonant inductor current compensates an

iLar
circuit for a certain minimum value in order to maintain
ZVS commutation and the lossless snubber capacitor has
to accumulate enough current to discharge and charge.
Mode 3 The lossless snubber capacitors C,, and Cy;
are respectively charged from the zero voltage to the DC
supply voltage Vs, when O and Q; are respectively turned
off with ZVS. On the other hand, the lossless snubber
capacitors C,; and C,, are respectively discharged from the
DC supply voltage Vs to the zero voltage. In addition to
these, the resonant inductor current i;,, commutates
naturally to the antiparallel diodes D; and D, when
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discharging and charging operation of the lossless snubber
capacitors C,; - C,, in the full bridge circuit are completed
without their residual charges. And, Q; and Q, can be
ideally turned on with both ZVS and ZCS.

Mode 4 The currents passing through Q; and QO
continues flowing through the antiparallel diodes D, and
D,. The resonant inductor current i, is being decreased
lineally. The current passing through S, and S,, when the
resonant inductor current i;,, begin to be generally
smaller than an arbitrary equivalent load current /p. Q,;
can be turned off with ZCS, when the resonant inductor

current i;,, decreases toward zero.

2.3 Circuit Design Resonant AC Link Snubber

Circuit parameter design specifications of an active
resonant AC link snubber treated here are indicated as
follows; switching frequency f=20[kHz], DC power
source supply voltage V=200[V], output
Vo=100[V-rms], output power rating Po=2[kW] as the
laboratory power level for the three-phase balanced

voltage

resistive load. The design conditions of this circuit to
specify for this resonant AC link snubber; the resonant AC
link snubber circuit parameters are to be respectively
determined in the followings.

(a) The transition operation period of quasi-resonant
commutation mode is to be designed so as to be 1/10
(5.0[ps]) of the switching period.

(b) Peak voltage and current stresses across the power
semiconductor device; IGBTs used here is to be
lowered.

The relationship between the operating time A, for
Mode 2 and inductance of the resonant inductor is
illustrated in Fig. 4. In the time interval of which the load
current in Fig. 3 is the maximum value (/,=30[A]), the
time Af, in Mode2 is estimated at about 1/3 in the whole
commutation operation time on the basis of a design
circuit criteria. The inductance L, of the resonant inductor
is to be designed for L,=8.0[uH] observing from Fig. 4.
Next, L, is fixed so as to be 8.0[pH]. Then, the lossless
snubber capacitor value is to be changed, the interval time
At, during the quasi-resonant commutation operation is
represented in Fig. 5. Observing these figures, the capaci
tance of the lossless snubber capacitor C, is specified so as

to meet the both conditions of (a) and (b) mentioned above.

Therefore, the lossless snubbing capacitor capacitance is
designed for C,=70.0[uF].

The circuit design specifications and circuit parameters
for the auxiliary resonant AC link snubber-assisted
single-phase voltage source type full bridge inverter in
Fig.1 are indicated in Table I. The operating waveforms of
this resonant AC link snubber circuit are shown in Fig. 4.
The operation for /5<0 is almost similar to that mentioned
above for I5>0.
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Table 1. Design specifications of resonant AC link snubber

and circuit parameters.

Inverter specifications Symbol Value
DC Source voltage Vo 200[V]
Switching frequency fs 20[kHz]
Resonant inductor L, 8.0[uH]
Lossless snubber capacitor C, 70.0[nF]
Output Voltage in RMS Vo 100[V]
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2.4 Circuit Parameter of Inverter Low Pass Filter

The LC parameters of the low pass filter of the inverter
are designed on the basis of % impedance; 7%. The
condition is provided to be the output voltage Vo=100
[V-rms], the maximum output current /o ,,,=30[A], the
output voltage frequency fo=60[Hz], cut off frequency
fc=2.0{kHz] of the low pass filter (LPF). The inductance
of the filter inductor is L~=928.0[uH] and the value of the
filter capacitor is set to C=6.82[uF]. The circuit
parameters of this voltage source type inverter are

indicated in Table 2.

3. Three-Phase Soft Switching Inverter

A bidirectional switch type auxiliary resonant AC link
snubber-assisted soft switching inverter using IGBTs is

81

extendly introduced as a three-phase voltage type inverter.
The star type resonant AC link snubber and delta type
resonant AC link snubber and single resonant inductor
type resonant AC link snubber are considered for the
resonant AC link snubber. In addition, this time proposed
newly three-phase power module bridge type auxiliary
resonant AC link snubber. The circuit topology of a
three-phase power module bridge package type resonant
AC link snubber-assisted three-phase voltage type soft
switching inverter using IGBTs is represented in Fig. 6.
The main features of this three-phase voltage-fed
inverter topology have simple, compact, reliable and
interchangeable circuit configuration, which is composed
of using three-phase auxiliary power module bridge
snubber as well as the three-phase power module bridge
package inverter. In addition, the numbers of power
semiconductor switching devices conducting in series can

Table. 2. Design inverter specifications and circuit parameters. be considerably reduced for the edge resonant snubber
Ttem Symbol Value switching opefation. Morf:over, the power semiconductor
modules of 2 in 1 and 6 in 1 power module type or IPM
Output voltage in RMS Vo 100[V] can be conveniently applied for this kind of three-phase
o , . Ol voltage source type sinewave PWM inverter operating
t volt 6 . .
utput voltage frequency Jo [Hz) under specific space voltage vector modulation.
Inductance of filter inductor Ly 928.0[nH]
Canaci - ‘ ’c 6 8204 4. Specific Instantaneous Space Voltage
apacitance of filter capacitor g oZfu .
! Vector for Resonant AC Link Snubber
Resistive load R, 5.0[Q) Three-Phase Inverter
. R 4.0[Q] The instantaneous space voltage vector synthesizes the
Inductive load . .
L 7.96[mH] voltage or current instant value of each-phase (u, v, w) in
arbitrary time to three-phase AC. In order to realize out
Qa5 Qa3 QaI -Crr_ Cr C"
KRICRTE
r r r L L/‘ T T ‘ E
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1w 00 TL|E
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Fig. 6.

Power module bridge package type auxiliary AC resonant assisted three-phase voltage source inverter.
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soft switching of the three-phase voltage type inverter
used resonant AC link snubber circuit, it is necessary to
operate a quasi-resonant snubber circuit on each switching
point. But it is impossible to apply the voltage for passing
current through resonant inductor to an active auxiliary
resonant snubber circuit in the state of a zero voltage
vector, because each phase voltage of three-phase voltage
type inerter is equal. Moreover, when performing
single-phase switching, the closed loop for the current
through active auxiliary resonant snubber circuit based on
the resonant inductor can be made. However, after
completing switching operation, the voltage between the
resonant inductor does not exist closed loop through the
DC power supply voltage Vs. So that, the current through
the resonant inductor cannot be commutated. Thus, the
zero voltage vector of three-phase inverter treated here
uses the method (see Fig. 7) of outputting the same
interval as the specified time of switching space voltage
vector toward the opposite direction mutually on a a—f
stationary coordinates plane.

V2 (010) T V3(110)

A
V1(100)
(0

V6(011f

V4(001) V5(101)

Time Divided Vector

V2(010) | V3(110)

V7 (111) V1 (100)
0 (000 ) >
V6 (011)
V4(001)  V5(101)

Alternative Vector

Fig. 7. Sampling time divided vector method.

5. Simulation Results and Discussions

For the three-phase power module bridge package type
auxiliary resonant AC link snubber-assisted three-phase
voltage type sinewave soft switching PWM inverter using
IGBTs, the output voltage and the output current operating
waveforms are illustrated in Fig. 8. This simulation
software of the three-phase soft switching inverter treated
here is automatically designed so as to stop the simulation
processing for operating at the hard switching PWM mode.

The operation waveforms in the steady-state are
considered under soft switching PWM commutation by
making use of the simulation based on the state variable
analysis approach. All the main power switches and the
auxiliary power switches can output the sinewave voltage
under the conditions of the soft switching PWM operation.
The sampling frequency is determined by fs=20[kHz]
from an acoustic noise point of view, a dead time is
t~=1.5[ps] in design. The simulations of the three-phase
hard switching sinewave PWM inverter also similarly
carried out as compared with those of the three-phase soft
switching sinewave PWM inverter. The total harmonic
distortion factor (THD) of the output voltage waveform in
simulation is represented in Table 3 for resistive and
inductive balanced three-phase loads. It is noted that the
design specifications and circuit parameters of the
three-phase inverter treated here can be indicated.

6. Efficiency Evaluations Under Measured
Characteristic Data

In general, the power losses in the three-phase sinewave
soft switching PWM inverter circuit is characterized as
follows,

(a) Conduction loss by the effective resistance

component of the resonant inductor

(b) Conduction loss by all the power semiconductor

devices of the active power switches; IGBTSs and the
passive power switches; diodes

(c) The switching power loss in the switching transient

state of the power devices; IGBTs and diodes.

(d) The conduction power loss by the LC low pass filter

of three-phase voltage source type sinewave PWM
inverter.
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Fig. 8. Simulation output voltage and current waveforms.

Table 3. Comparative THD characteristics between H-SW

and S-SW PWM inverters.

Load types Switching scheme THD[%]
H-SW 1.77
Resistive loads
S-SwW 2.56
H-SW 2.03
Inductive loads
S-SW 3.54

Remarks : Hard switching H-SW ; Soft switching S-SW

The power losses by the resonant inductor of the
conditions (a) and (d) mentioned above are determined for
the internal dc resistance component of the resonant
inductor. Both the conditions (b) and (c) mentioned above
are based on the measured v-1 characteristics in
experiment. IGBTs and diodes in the three-phase soft
switching PWM inverter as well as the three-phase power
module bridge package type auxiliary resonant AC link
snubber are assumed to be the same voltage and current
ratings.

The IGBTs uses the measured v-i characteristics data of

CM100DU-12F. Then, the characteristic curve approxim

-ation of power semiconductor switching devices is
introduced in the simulation program, and the condu ction
power losses of the power semiconductor devices IGBTs
are determined numerically. The current through the
antiparallel diode is larger than 10[A], and in 50[A] or less,
the equation of the v-i characteristics could be specified
by;

V,,=—0.0103-ip,, +0.8175[V] ()

on

The current through the antiparallel diode is larger than
O[A], and within 20[A] or less, the approximate equation
of the v-i characteristics is as follow;

v, =-0.042-i,, , +0.4996 [V] )

The current through the IGBT and the antiparallel diode
are 0[A], the equation of the v-i characteristics is given by;

V. =0.0[V]

on

3)

The current through the IGBT is larger than 0[A], and
in 20[A] or less, the equation of the v-i characteristics is
expressed by;
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V,, =0.025i,c5r +0.4997 [V] @

The current through the IGBT is larger than 20[A], and
in 50[A] or less, the equation of the v-i characteristics is
specified by;

V,, =0.0077 i,5r +0.8467 [V] (5)

where, ijggr is the instantaneous current flowing through
the IGBT, and ipjoq i$ the instantaneous current flowing
through the antiparallel diode.

Once the diode turns on, and then, the collector current
flows through IGBTs. Therefore, the turn-on switching
power loss does not exist almost in principle. The turn-off
switching power losses are required for the switching
losses in the tumn-off transient current of IGBT. The
switching power losses are similar to the following
equation.

lOSSTurn_oﬁ =0.0343- i[GBTO.6 [mJ] (6)

The simulation treated here is based on algorithm,
which calculates the instantaneous switching power losses
in every turn-off instant.

Fig. 9 represents the results of the power loss analysis

Resistive Load

Hard Switchin

Soft Switching |

|
Inductive Load |

Hard Switching |

Soft Switching (@

Loss [W]
B Conducton Loss of Main Switch
B Conduction Loss of Filter Inductor
B Switching Loss of Main Switch

[} Conduction Loss of Auxiliary Switch
B Conduction Loss of Resonant Inductor

Switching Loss of Auxiliary Switch

Fig. 9. Power loss analysis.

for the soft switching inverter when employing the
measured losses data relating to the v-i characteristics, the
switching characteristics of IGBTSs is incorporated into the
computer simulation program. The main power losses of a
three-phase voltage type sinewave hard switching PWM
inverter are mainly the conduction power loss of each
main power switch, the conduction power loss of a low
pass filter, and the switching power loss of the main power
switch. Although the switching power losses of the main
power switches in three-phase voltage type sinewave soft
switching PWM inverter with three-phase power module
bridge package type resonant AC link snubber could
reduce over 50% as compared with those of three-phase
hard switching PWM inverter. But soft switching inverter
has the power losses (conduction loss of an auxiliary
power switch, the switching power loss of an auxiliary
power switch, the conduction power loss of resonant
inductor) in an auxiliary resonant AC link snubber circuit
part. Still the total power loss in three-phase voltage type
sinewave soft switching PWM inverter using IGBTs is
smaller than power loss estimation of total power loss in
three-phase hard switching inverter using IGBTs.

The conventional efficiency of a three-phase hard
switching inverter is 94.78 [%]. On the other hand, it is
noted that the conventional efficiency of a soft switching
is 94.79 {%]}.
switching PWM inverter could be effectively put into

inverter Moreover, three-phase soft
practice for new energy interfaced distribution power

supplies. The power rating of this experimental
breadboard set up is specified to 2kW, which is designed
for a small scale power applications. When a rating output
power is 10kW or more, the power losses of the main
circuit components are larger than power losses of an
auxiliary resonant AC link snubber circuit component.
Therefore, if the output power becomes high, the
conventional power conversion efficiency of the
three-phase soft switching PWM inverter operating under
effectively becomes much higher than the efficiency of

hard switching inverter.

7. Conclusions

In this paper, the operation principle of a bidirectional
switch type resonant AC link snubber circuit was
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described, together with its practical circuit design
procedure, which incorporates the proposed three-phase
power module bridge package type resonant AC link
snubber. The novel prototype of power module bridge
type AC link
three-phase voltage source sinewave soft switching PWM

package resonant snubber-assisted
inverter using IGBT power modules was demonstrated
herein. It was verified that both the auxiliary power
switches in this resonant AC link snubber circuit and the
main power switches can commutate under the condition
of soft switching commutation principle. The specific
instantaneous space voltage vector modulation was
pointed out of this new inverter. It was indicated that the
output voltage THD of three-phase voltage type sinewave
soft switching PWM inverter with the maximum time
5.0[ps] during operating period is ealuated, which is
to the output voltage THD of
three-phase hard switching inverter with dead time
1.5[us].

It was noted that the power loss analysis can be actually

almost equivalent

performed, considering the v-i characteristics and
switching loss characteristics of IGBTSs. It was proven that
a three-phase voltage source type soft switching PWM
inverter treated here was made to be high efficiency.
Furthermore, the practical power losses of the new soft
switching inverter treated here were analyzed by
implementing the experimental data of the IGBT and
diode v-i characteristics in addition to switching power
loss characteristics into our original computer simulation
software developed by the authors. Then, three-phase
voltage type soft switching PWM inverter was high
efficiency as well as those of three-phase hard switching
inverter, along with performance operation waveforms.
The link

snubber-assisted soft switching PWM inverter using IGBT

three-phase  suxiliary resonant AC
power modules could be sufficiently put into practice by
comparing three-phase hard switching PWM inverter with
three-phase soft switching inverter.

In the future, the comparative feasibility study of
three-phase power module bridge type resonant AC link
snubber and its related soft switching inverter in addition
to the other types resonant snubber assisted soft switching
inverter should be experimentally done from a practical
point of view.
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