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ABSTRACT

In this paper, a high frequency transformer - assisted auxilary active resonant commutated snubber (HFTA-ARCS) for
voltage source soft switching pulse width modulated power conversion circuits 1s presented A three phase voltage source
type soft switching mverter mcorporating HFTA-ARCS circuits m 1ts three bridge legs can reduce current rating of
auxiliary active power swilches and has sensorless simphfied control scheme which any specified boost current
management 15 not required for soft switching. Its operation principle and digital control scheme are described and a
practical design method of circuit parameters on this HFTA-ARCS circunt 18 also mtroduced on the basis of computer
simulation Moreover, this space voltage vector modulated soft switching mverter system with DSP-based digital control
scheme 1s discussed and 1ts effectiveness 1s proved on the basis of performance evaluations The operating performances of
this nverter system are also compared with those of conventional three-phase hard switchmg mverter under practical
conditions of specified parameters,

Keywords: Three phase voltage source mverter, Soft switchig, High frequency pulse current transformer - assisted
auxiliary resonant snubbers, Space vector modulation, High power applications, DSP-based control scheme

1. Introduction performances 1n transient and steady states However, 1n
conventional voltage source type hard switching PWM

With great advances of power semconductor devices inverters and converters, switching power losses of power

and modules such as MOSFETs. IGBTs, IEGTs, SITs and semiconductor devices and modules utithzed become
larger as well as dv/de and di/dt related EMI noises In

addition, some serious problems such as the electuical

SITHs, high switching frequency PWM schemes for

voltage source type mverters and converters with a vanety

of cigital control implementations are essentially msulation breakdown due to a hugh di/dt capabiity, the

mdispensable for reducing the physical size, weight and merease of leak current due to a high dv/df and 1ts related

total cost of equipment in addition to achieving thewr high electnic: corrosion of bearng m AC motors driven by

mverters using high frequency switching PWM strategies
also become greater for high power applications
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have been investigated in some attractive attempts to solve
the practical problems mentioned above; and soft
switching PWM circuit technologies for high power
inverters, rectifiers and DC-DC power converters have
attracted special interest recently.

This paper presents the operation performances of an
advanced type of active resonant commulated
snubber”™ 7, high frequency transformer - assisted
auxiliary resonant commutated snubber (HFTA-ARCS),
which includes simplified control implementation with
sensorless scheme and reduced auxiliary circuit device
voltage and current stresses. The operation principle of the
three phase voltage source type space voltage vector
modulated soft commutation inverter with a type 1
optimal digital servo control scheme which respectively
incorporates HFTA-ARCS into its three phase bridge legs
is described on the basis of performance evaluations. The
operation performances of this inverter system for high
power applications are compared with those of
conventional hard switching three-phase inverter under

practical conditions of specified parameters.

2. Auxiliary Resonant Snubber with

High-Frequency Transformer

2.1 Circuit Topology

The one-arm topology of the auxiliary active resonant
commutated snubber with a high frequency transformer is
shown in Fig. 1.

This resonant snubber circuit is composed of two
auxiliary active power switches (S,;, S.2);
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Fig. 1. Circuit diagram of the high frequency transformer —
assisted auxiliary resonant commutated snubber (HFTA-ARCS).
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two resonant capacitors (C,.;, C,.,); two current feedback
diodes (D, D.;) connected to the primary side resonant
inductor Z,; of high frequency transformer (L,,;, L,,) and
two additional reverse blocking diodes (D), Dy2) which
block the freewheeling current path composed by its
secondary side inductor L,, and freewheeling diode D,; or

D,», depending on the switching transition'"!,

2.2 Operation Principle

Considering that all the switching power devices are
ideal and load current /; is kept constant during the short
commutation interval, the operation principle of
HFTA-ARCS circuit is represented below:

Voltage and current waveforms of main active power
switching blocks Q;(8,/Dgr), Ox(S,.5/Dy,2) and current
waveforms for the primary and secondary winding ol high
frequency transformer are represented in Fig. 2 when load
current /. as a current source flows to the positive

direction; and cach operation stage of this circuit is shown

in Fig. 3.
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Fig. 2.  Operation waveforms of HFTA-ARCS and its switching

drive signals.
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The operation principle of HFTA-ARCS circuit 1 a
steady state 1s described as follows:

(a) State A: Mode 0

The active power switch S,; 18 on and S,,; 15 off, when
load current /. with a positive direction flows through
D.st

(b) State A: Mode 1

The auxihary active power switch S, (D) 15 turned on
under a principle of ZCS condition and 5,,; 1s turned off
under a principle of ZVS condition. The transformer
secondary side nductor current 1, beging to increase
linearly with a certain slope and 1ts primary side inductor
current z;,; also begins to mcrease, because of the mutual
mductance M existed between L,; and L,, D turns on
Current flowing through D.,, starts decreasing. When
i, < -1, the current 1 D,,» becomes zero and this mode
completes

(c) State A; Mode 2

Resonance based on the leakage mductance of high
frequency transformer and resonant capacttors (C,;, C.»)
starts partially Voltage across C,; 18 discharged to zero
and voltage across C,; 1s charged to F, It 18 noted that any
specified boost current of this resonamnt snubber for soft
switching 18 not necessary 1n mode 1 because the energy
stored 1n the leakage inductance of high frequency
transformer will be large enough to charge and discharge
the quasi-resonant capacitors In this case, the turn-ratio of
high frequency transformer should be adequately designed
soastobel,; =L,

(d) State A: Mode 3-1

When v,.; becomes zero, I),,; turns on and resonant
current ¢, starts decreasing linearly towards the negative
direction,

(e) State A: Mode 3-2

At the same mstant when current in D,,; reaches zero,
(1,+1)=0, S,; turns on under both ZVS and ZCS The
next operation mode reveals at the instant when iz,
reaches zero As a result D, turns off,

(f) State A; Mode 4
Some current still remamns n L., and when 1,0, S;; 18
turned off The load current 7, 18 totally transferred to S,,,
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Fig 3 Equvalent circuit for each commutation stage of HFTA
-ARCS cucwt

(g) State B: Mode 0
S 18 off and I, flows through S,,,.

(h) State B: Mode 1, 2

S,er 18 turned off and S,; 15 turned on simultaneously
Since any hoost current 18 not necessary, resonance based
on the leakage mductor of high frequency transformer and
resonant capacitors starts Voltage across C,; 18 discharged
to zero and voltage across C,; 1s charged to V.

(i) State B: Mode 3

When v,,, becomes zero, D, 1s turned on and the
resonant current 7, starts decreasmg lnearly The next
operation mode reveals at the mnstant when 1;,, reaches

zero As a result I, ; tumns off,

(j) State B: Mode 4

The resonant current z, still continues decreasing. When
=0, S, 15 turned off The load current 7. 1s totally
transferred to D..» As a result, the commutation stage
goes back to State A - Mode 0
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3. Practical Design Procedure of the Auxiliary

Resonant Snubber

Considering  the turn-ratio of ligh frequency
transformer as N=ny/n, {n;, ny number of turns at primary
and secondary sides); setting N<1 1s indispensable 1n order

to achieve a soft switching mode transition.

The circuit parameters of HFTA-ARCS n Fig 1 are
designed for a P,,=50kW three-phase mverter system
with a DC source voltage V=400V, The specified output
line voltage V.., and sampling frequency f; are 200V, and
12kHz, respectively In addition, the practical conditions
{a) and (b) mdicated below musi be met in order to select

optimuim parameters,

(a) Mimmum current stresses mm the auxibary active

power switches

{(b) Maximum commutation mnterval £, 1n this case, 18 to

be designed at 1/10 of one sampling period T, =1/f;

Each circuit parameter, which meets conditions (a) and

(b) mentioned above, 15 designed by the following

tustrative methods

(i) Maximum output current for resistive

Twax = 205A 15 calculated from Egq. (1), using the values
Vi and P, mentioned above In this case, the power
factor 18 cos& =1 Considering that load lme current 7, 1n
Fig 1 18 kept constant, in this case [,=210A, the
commutation mterval (7, f.) and peak current (J..,
Doearz) of the auxiliary active power switch in relation to
the leakage mductance of high frequency transformer are
to be determined; and these resuits are shown 1n Fig 4 and

Fig 5, respectively

2 P

= ew

max -
3 ¥, cost

(ii) The coupling coefficient & of the high frequency

transformer 1s set to 0.99.

(iii) The resonant capacitor C, 13 set to 0 25uF In the
case that this value becomes large, the commutation
period mereases As a result, the mverter efficiency 1s
actually detertorated. In the case that C, 15 smaller than
025uF, soft switching effect can be reduced. So, the

maxunum dv/dr 1s to be set to 500V/us
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Fig 4 Commutation time m relation to leakage ductance and
turn ratio of high frequency transformer

(iv) Observing Fig 4(a), 1t 15 concluded that the
leakage nductance L, of high frequency transformer,
when turn-ratic & 1s 0 9, should be less than 9pH 1n order
to meet the practical condition specified m (b) since one
sampling period 7, 15 83 3us And more, from Fig 5(a), 1t
15 concluded that the design value of Z, should be higher
than 3pH 1n order to meet the required condition which 1s
specified 1n (a) mentioned above

Although peak current of auxihary active switch
changes according to &V as depicted 1 Fig 5, the value of
resonant peak current 15 the same even turn-ratioc N
changes

This practical design procedure explained from (1) to
(1v} can be summarized through the flow chart illustrated
mFig 6
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Peak current of auxiliary switch in relation to leakage

inductance of high frequency transformer.
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Switching frequency f,
Transformer coupling coefticient &

m value of load line current {, [ Eq. (1) |
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Assume a value for C_and L
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Fig. 6.
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Minimum current stress i, N
through auxiliary switches
¥
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Resonant capacitor C,

Design procedure of auxiliary quasi-resonant snubber.
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4. Three Phase Soft Commutation PWM
Inverter and Its Control Scheme

4.1 System Configuration of Soft Switching
Inverter

Fig. 7 shows the voltage source three phase soft
switching inverter with high frequency transformer —
assisted resonant commutation snubbers and the optimal
type | servo digital control implementation for this
inverter is illustrated in Fig. 8.

In every sampling time, instantancous three phase
voltage vectors v.(¢) and three phase filter inductor current
vectors i4(7) are detected respectively by voltage and
current sensors. In order to reduce system variables, v (1)
and i,() values are changed to the «-f stationary
coordinate plane and then changed to the d-¢ synchronous
rotating coordinate plane. As a result, from the variables
on the d-¢ synchronous rotating coordinate plane,
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Fig. 7. Circuit diagram of three-phase voltage source soft

switching inverter using high frequency transformers.
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Fig. 8. Optimal digital control scheme of three phase soft

switching inverter system.
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the output voltage vector 1s specified at the feedback
control system displayed i Fig 8 and the output voltage
vector 1s adequately calculated from this digital control
process scheme.

Each designed parameter of the voltage source type
three phase soft switching inverter system presented m
this paper 18 indicated m Table 1 The resonant mductor L,
1s estimated to be 7pH. High frequency transformer
prumary side mductor L;, its secondary side inductor L,
and therr mutual inductance M are calculated from Eq. (2)
using parameters £,, kand &

K 1 i
L=——7+—1L, L=—=IL, =——1F
(1-e2)v2 -k (1=}
2)
Table 1  Design Specifications and Parameters of the Inverter
System
DC voltage source V. 400V
Sampling frequency 5 12kHz
Rescnant capaciton C, 025uF
Leakage inductance L, TuH
Self inductance of L; 539uH
primary side inductor
Self mductance of L, 352uH
secondary side mductor
Transformer mutual mductance M 431uH
Transformer magnetic k 099
couplmg coefficient
Turn-ratio N 08
Self inductance of filter inductor Ly 206pH
Filter capacitor Cr 85.3uF
Output voliage [rms) Vier 200V
Qutput frequency Jow 60Hz
Table 2 Load Circuit Parameters.
Load type Value
Resistive load 085Q Star
connection
Inductrve load Resistance 0.70C2 Star
(power factor =
08) Inductance 1100uH  connection
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The performance evaluations of this soft switching
mverter system with a digital control scheme are carried
out for resistive load and mductive load. Moreover, a
voltage source type three-phase hard switching mverter
with a dead time #,~1 5ps utilizing the same parameters m
comparmg with the three phase soft switching nverter
with resonant snubbers treated here 1s also analyzed and
the comparative studies are performed for S0kW power
supply. Table 2 shows the parameters of the three-phase
load types

4.2 Simulation Results and
Feasible Evaluations

Fig. 9 and Fig. 10 show the typical voltage and current
operating waveforms of mamn and auxiliary active power
switches when the parameters indicated m Table 1, are
implemented. The current
waveforms mn Fig 9 and Fig 10 are obtained when
L=210A

The two topological types, hard switching space voltage

operating voltage and

vector modulated mverter and soft switching space voltage
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(a) Highside main switch current and voltage waveforms
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(b) Lowside main swrtch current and voltage waveforms

Fig 9 Twn on and turn off waveforms of main switches
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(b) Lowside auxihary switch current and
voltage waveforms

Fig 10 Tum on and turn off waveforms of auxiliary switches

vector modulated 1nverter, are applied to three phase
balanced resistive and mductive loads and output voltage
and current waveforms are 1llustrated m Fig. 11 and Fig.
12, respectively Fig. 11(a) and Fig. 12(a) give the output
line-to-lne voltage Fig 11(b) and Fig 12(b) give the
filter mnductor current. Figures 11(c) and 12(c) also depict
the load current, And m Fig 11(d) and Fig. 12(d), d-axis
voltages for each topology are 1llustrated, respectively

Total harmonic distortion (THD) of output voltage for
each switching scheme is displayed in Table 3 From these
results, it 15 concluded that THD of the output voltage
waveform, when HFTA-ARCS circuit 1s effectively
introduced, can be higher than the THD of voltage-fed
three phase hard switching inverter system, However, soft
switching mode fransition can be achieved, reducing
power losses of switching devices and EMI noises.
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Table 3. Total Harmonic Distortion Factor-THD [%] of Output
Voltage.
Hard switching Soft switching
Resistive load 0.477 0.942
Inductive load 0.533 1.376

5. Conclusions

This paper has presented the steady-state opecrating
principle and salient features of the space voltage vector
modulated three phase voltage source soft switching
inverter with high frequency transformer - assisted
auxiliary resonant commutation snubber (HFTA-ARCS)
circuits operating under an optimal type | digital servo
controller which tracks a specified output reference
voltage. It was proved by performance evaluations that the
prototype of 50kW three-phase voltage source sofl
switching inverter proposed here could efficiently work
with high performances in order to minimize the power
losses and EMI noises in active power switches. In
addition to these, the optimum circuit design approach of
HFTA-ARCS has been described on the basis of
computer-aided analysis.

In the future, feasible studies on voltage-fed three phase
soft switching inverter and power factor corrector
converter systems with high frequency transformer -
assisted auxiliary resonant commutation snubbers
(HFTA-ARCS) using extremely lowered trench gate
HV-IGBTs for
investigated and evaluated from a practical point of view.

high power applications should be
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