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ABSTRACT - This paper presents performance and loss
analysis of Auxiliary Resonant Commutation Snubber-linked
(ARCS) three phase voltage source sofi switching inverter
which is operated under a condition of Zero Voltage Switch-
ing (ZVS). The system performances of this ARCS soft
switching inverter which is controlled on optimal type I digi-
tal servo scheme are illustrated and evaluated on the basis of
experimenial results.

L. INTRODUCTION

In recent years, the voltage-source three phase invert-
ers and converters which can operate under the principle
of zero voltage or zero current transition soft switching
schemes have been researched and developed vigorously.
The main aims of softswitching scheme are to minimize
the switching losses of switching power devices (IGBTs,
MOS-FET, etc.), their electrical dynamic voltage and cur-
rent stresses as well as voltage and current surge related
to EMI noises under high frequency switching.

Of these, the three phasc voltage-source PWM invert-
ers and converlers operating under ZVS condition are
roughly divided into [our categories; resonant commu-
tated snubber-link, resonant AC link, resonant DC link
and resonant switching block link. The comparative stud-
ies of the soft switching units mentioned above have been
done by many powecr electronic researches.

In this paper, the performances of three phase voltage
source type I optimal digitally controlled inverter with
auxiliary resonant commutated snubbers (ARCS), which
is morc suitable for high power applications compared
with resonant DC linked soft switching inverter, is pre-
sented and compared with the conventional hard switch-
ing inverter.

2. CIRCUIT DESCRIPTION

Fig.1 shows the equivalent circuit of a bridge leg in a
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Fig.1 ARCS circuit of one-phase bridge leg

single phase of ARCS linked three phase voltage source

soft switching inverter . To illustrate the operating prin-

ciple of this ARCS inverter, the resonant commutation

from D, to S, is discussed. For simplicity, two assump-

tions are made as follows;

(1) All the power switching devices incorporated into the
inverter are ideal.

(2) Load current equals to the positive Ix as indicated in Fig.1
which is kept constant during a short commutation interval.

Fig.2 displays theoretical operating voltage and cur-
rent waveforms of the main switching devices and auxil-
iary switching devices in this ARCS circuit. As shown in
Fig.3, there exist 10 operation modes. The operating prin-
ciple of ARCS circuit in a steady-state can be described
as follows:

State A : mode 0 (£ < ¢£,)

A positive load current I_is freewheeling through D, ,
while S, remains on and S__is off.
State A : mode 1-1(¢,- 7))

S,, is turned on under zero current switching (ZCS)
condition. The current through D, begins to decrease lin-
early as the current through the resonant inductor I, in-
creases linearly.
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Fig.2 Theoretical voltage and current waveforms of
ARCS circuit

slate A state 3
mode () mode 3

state B Wvexpe=t!
mode 2 I Dy . ON

i

Dby & Eff

T JLE
siawr A
ode 1-2 Tae-L0
S

state 3
mode

11 ge=-Ih2

—=

If 1y>=lxting
Sax - OkF

Fig.3 Equivalent circuit for each operation stage of ARCS

State A : mode 1-2(¢ - 1))

At z, the current via D, dgcreases to zero when the
resonant inductor current I, is equal to the load current
L. The current flowing into S, begins to increase. The
resonant inductor current becomes greater than the load
current and continues rising up to L +1 . At this point,
stored energy in Lr is large enough to charge and dis-
charge the resonant capacitors.

State A : mode 2(¢,- £,)

After turning off S, with ZVS, the rcsonant capacitor
C,, begins to discharge to zero while the other resonant
capacitor C, begin to charge towards the dc-link voltage.
This is a resonance between the rcsonant inductor Lr and
the resonant capacitors C_ and C,,.

State A : mode 3-1(¢,- ¢,

Att, D, begin to conducting and resonant inductor
current begins to decrease lingarly. On the other hand. §
can be tumed on at complete ZVS/ZCS hybrid conditions.
State A : mode 3-2(,- ¢,)

At the current via D, is commutated to S, and reso-
nant inductor current decreases linearly.
State B : mode 0(¢,~t,)

At 1, the resonant inductor current becomes zero and
D, is turned off. The load current is totally transferred to
S,

State B : mode 1(£,~1,)

S,, is turned on under ZCS condition. The resonant in-
ductor current begins to increase linearly towards the mi-
nus direction and continues to rise until the stored energy
is high enough to charge and discharge the resonant ca-
pacitors C | and C,,.

State B : mode 2(¢,— £,

After turning off S, under ZVS condition, the resonant
capacitor C | begins to charge to full dc-link voltage while
C_, begin to discharge towards zero.

State B : mode 3(t > ts)

Att, D, conducts and a resonant inductor current
begins to decrease linearly lowards the minus direction.
When the resonant inductor current becomes zero, D, is
wurned off and transfers back to state A : mode 0.

In this operation, the resonant capacitor C  or C_,
which is parallel with the active switch D,_or D,
incorporated into the bridge leg, behaves as a lossless
capacitive snubber due to a quasi-resonance.

3. FEASIBILITY STUDY OF INVERTER SYSTEM

Experimental Set-up
Fig.4 shows the total system configuration of ARCS
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Fig. 4 Block Diagram of Experimental Apparatus

linked three phase soft switching inverter with type I op-
timally controlled digital servo scheme. This inverter sys-
tem is composed of a DC voltage Source (AC-DC recti-
fier : in some cases, three phase PFC rectifier), three-
phase full bridge inverter stage, ARCS stage with the neu-
tral point of DC busline for each leg in the inverter, low
pass {ilier, DSP controller and ARCS controller including
voltage and current sensors. DSP controller consists of
DSP board (including Ti:TMS320C35), AD converter
board, PIO board and PWM board. ARCS control circuit
consists of Switching Signal Management Circuit, Zero
Voltage Detector and Boost Current Controller.

The ARCS connected with each inverter arm works in-
dependently from the other inverter arms. DSP controller
generates 3 phase PWM signals on the basis of optimal
type I digital control scheme and ARCS controller sends
the inverter switching signals immediately when the volt-
age across the switching power device comes down to
zero (turn on) or when inductor current reach the initial
resonant current L +1,  (turn off). By this operation, reso-
nant commutation which cause ZVS operation is perfectly
achieved.

A conventional hard-switching PWM control scheme
can be easily obtained by using this experimental set-up,
directly connecting with DSP controller and inverter main
circuit drive circuit. The dead time in the hard switching

can be easily selected on the basis of DSP controller hard-
ware setting. '

Experimental Results of ARCS Soft-Switching

Inverter System
In order to verify the total system performances, the

ARCS inverter system was tested under resistance load
condition as well as inductive load and rectifier load con-
ditions. Tablel indicates the design specifications and
drive setting of this soft-switching inverter system and
conventional hard switching inverter system.

The voltage and current waveforms in the ARCS stage
are displayed in Fig.5. The voltage across the auxiliary
switching power devices, IGBTs, in the resonant com-
mutation snubber block are clamped exactly at half of
the DC bus line voltage level.

Table 1 Design specifications

DC Bus line Voltage :Vde 200[V]
Devided DC Voltage Capacitor :Cj  8200[mF]
Resonant Inductor : Lr 12[mH]
Resonant Capacitor : Cr 0.08[mH]

Boost Current : [ boost 9(A]
Filter Reactor : Lf 500[mH]
Filter Resistance : Rf 0.1[W]
Filter Capacitor : Cf 20.0[mF]
Qutput AC Voltage : Vac 100[Vrms]
QOutput Frequency : Fe 60[Hz]
Carrier Frequency : Fs 16[kHz]
Load Resistance : Rl 10 [W]
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Fig.5 Measured waveforms of ARCS circuit
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Fig.6 shows current and voltage traces of the main
power switching devices in the inverter stage during the
turn off and turn on periods. Fig.7 illustrates the switch-
ing voltage and current waveforms of the conventional
hard-switching voltage source inverter. From these fig-
ures, it is clearly proved that all the main and auxiliary
power switching devices can completely achieve soft
switching, ZVS, for the main devices in the inverter stage ‘
in addition to ZCS for auxiliary devices in the ARCS stage. L Pt

Fig.8 shows the output voltage waveforms of this soft- '
switching inverter system for the case of a three phase _ ; o
resistive load. The output voltage waveforms of conven- WISV T CR2 TR0V ORIV
tional hard switching inverter system are shown in Fig.9. (a) Turn on operation
The spike on the waveforms caused by high-speed hard
switching operation can be observed. The measured total g e e ' ; :
Harmonic Distortion; in the case of soft switching, THD ' : S
is 0.23%, on the other hand, for the case of hard switch- : : :

ing, THD is 0.37%. SRS
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Fig.7 Turn on and turn off operationg waveforms of
main devices in hard switching inverter
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Fig.9 Output voltage waveforms of conventional
hard switching inverter

Measured Loss Estimation of ARCS System

The power losses of the ARCS inverter system have to
be separated to ARCS stage losses and main inverter stage
losses by using a conversion method from thermal loss to
electrical loss. This method of estimating the electrical
losses in the switching power devices from their tempera-
ture rise is very cffective in a practical system. The aver-
age value of power conversion loss including transient
switching losses and conduction losses of the inverter stage
can be obtained. As shown in Fig. 10, the losses in the
ARCS stage and inverter stage, as the sampling frequency
is changed from 3 to 16[kHz], are obtained under the fixed
resistive load condition with the output current at 10.3[A].
These results suggest that the losses of the inverter stage
in ARCS soft switching inverter system are not affected
by their switching losses in a wide range of sampling fre-
quencies.
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Fig.10 Measured ARCS soft switching inverter
losses

Fig 11 shows the total system efficiency of ARCS soft
switching inverter and hard switching inverter under
16[kHz] sampling frequency. These results suggest that
the total efficiency of ARCS soft switching inverter is su-
perior to that of the hard switching inverter under a power
rating of more than several [kW] of output power.
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Fig.11 Total system efficiency
CONCLUSIONS

This paper has described the operating principle and fea-
tures of ARCS linked three phase voltage source soft-
switching inverter with the optimal type I digital servo con-
troller to track a specified output reference voltage. It was
proved that the proposed soft swilching inverter can effi-
ciently operate with high performance ZVS-PWM in order
to minimize the swilching losses, dynamic elecirical stresses
as well as EMI noises as compared with that of conven-
tional hard switching inverter.

In the future, three-level soft-switching inverter and con-
verter using ARCS which are more suitable and accept-
able for high-power applications is to be investigated and
evaluated from a practical point of view.
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