A NEW SOFT COMMUTATION PWM VOLTAGE SOURCE INVERTER
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Abstract— In this work a new topology of a pulse-width-  topology needs the same level of resonant current that
modulation  zero-voltage-switching voltage source the ARDPI arrangement.

inverter is presented. Besides operation with zero- Another philosophy was proposed in the auxiliary
voltage-switching for a wide load range, the novel  yagqnant commutated pole inverter (ARCPI) [5, 6, 7].

topology has the feature of being modulated by any . . :
conventional pulse-width-modulation strategy employed In thlllsltop?]logﬁ/ tf|1e (;es_cr)kr:_ant pole fls _con_ne;:]ted In
in the hard-switching inverters. The maximum voltage ~ Parallel with the load. This type of circuit has a
applied in all switches is clamped and limited in a COmMplex control strategy and the resonant current

reduced value and it does not produce excessive current assumes large values that are reflected to the main
stress. Operation description, theoretical analysis, switches increasing their current stress.
design example and experimental results are presented In this work a new topology is presented, which
in the paper. The results obt_ained with the new inverter  combines the goals of soft switching commutation in
tqpology are compared with an Undeland Snubber g|| active switches, high frequency capability,
aided inverter. conventional PWM strategy and no excessive
additional voltage or current stress.
| — INTRODUCTION

Il — CIRCUIT DESCRIPTIONAND

In the output of a voltage source inverter, PRINCIPLE OFOPERATION

excellent voltage and current waveforms are
expected, and a non existing or a very reduced Th. hew zero-voltage-switching  pulse-width

har;ponic rc}:_ontent Is considgred.d isti modulation voltage-source inverter with active
o 0 achieve a Veorly re gce ﬁr a Q%rl‘ eXISiNg, g tage clamping (ZVS-PWM-VSI-AVC) topology
armonic conter_1t and to reduce t. € audible NoISe 1N 45 derived from the family of ZVS-PWM active-
voltage source inverters it is desirable to operate

hiah switching f ) a{/oltage—clamping DC to DC converters [7]. The
igh switching frequencies. L proposed inverter is shown in Fig. 1 and consists of
However, when the switching frequency

. o o two main switches §2 and S3, two auxiliar
increases, the efficiency and reliability of the PWM 3 3 y

. S o switches $1 and S4, six diodes P1-D6), six
converter deteriorate significantly. Some efforts have ggonan; capacitor€(1-Cr6), two resonant inductors
been made to reach this aim and various topolog|e?|_rl andLr2) and two clamping capacitor€g1 and
were proposed to achieve soft switching in voltagecgz) besides the DC bus and the load
source inverters [1, 2, 3, 4, 5, 6, 7]. ’ '

A great contribution to this area is the Undeland J_ J_ *
Snubber [1]. It is a passive topology and it is not be g; TCr1 Cg1 VOl
; ; D iLri(e)
able to regenerate the commutation energy directly. <= Lri

YY)

The resonant pole inverter (RPI) [2] maybe was

. : . . ! ¢ - vbrl(t) +
the first active soft switching inverter topology. This QK T

. . . . . . Cr2 Elz*‘é
circuit provides zero voltage switching (ZVS) in all D D5 +  vo(t) -
switches, but it has an excessive resonant current that ~Y

Ro 4+
E/2 T

- Cr5

i i L

also circulate in the load. _ L 06 0 io?
The rugged inverter (ARDPI) [3] combine the QK D 6

advantages of PWM strategy and soft switching

techniques, but needs excessive resonant current to +vLr2(t) - +

get soft commutation. The resonant current requires aﬂ% 5 T cra

) - Cr
iLr2(t)

T . Cg2= V92
minimum excess of twice the load current value. g

The auxiliary resonant pole inverter topology
(ARPI) [4] gives a good improvement regarding to
this problem (theoretically). However it requires
modification in the PWM strategy. In practice this

Figure 1 — The proposed ZVS-PWM voltage source inverter with
active voltage clamping.
The novel soft commutation inverter presents nine
stages of operation, explained as follows:
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First Stage ¢ t;): in this stage the main swit&2
is conducting. The current throughl is equal to the
load current and the current througt® is equal to

Sixth Stage € t5): whenvg,, becomes equal to
zero, diodeD2 starts to conduct the current;. In
this stagelLrl is demagnetized througk and its

zero. During this stage energy is transferred to theenergy is recovered.

load.

Second Stageq(tt,): at the instant=t1, switchS2
is turned-off and the resonant capacitor andCr5
are linearly charged. The voltage acr&d varies
from zeroto E+vgl and the voltage acro€¥5 varies
from zeroto E. The resonant capacito®&1 andCr6

Seventh Stage ¢t t;): at the instantt=t6 the
current throughLrl becomes null and diodB2 is
blocked. Switch S2 starts to conduct without
commutation losses. The current throudtrl
increases sharply, fed Byvia S2andD6.

Eighth Stage ft tg): wheni,; becomes equal to

are discharged and the voltages across their terminakhie load current, the current in diod¥ becomes

vary from E+vgl and E to zerg respectively. The

null, blocking it. A resonance involvingrl, Crl,

resonant curreniL.rl remains constant and equal to Cr3, Cr5 and Cr6 begins. The current throudtrl

the load current.
Third Stage ¢ t3): when the voltage acro$3r2
equalsE+vy; the voltage acros€rl becomes null,

increases in sinusoidal fashion. The voltages across
Crl andCr5 decrease fronk+vg,; to v4; and fromE
to zerq respectively, and the voltages acr@s8 and

and diodeD1 starts to conduct. Simultaneously the Cr6 increase fronzeroto E.

voltage acrossCr5 becomes equal t&c and the
voltage acros€r6 becomes null, and diod26 starts
to conduct the load current. The inductarl
demagnetises through the clamping capa€it via
D1. During this stage switcB1 must be gated on, so
that in the next stage soft commutation is achieved.
Fourth Stage § t): wheni,; becomes zero,
diode D1 is blocked and switcl$1 starts to conduct
without commutation losses. Curréph changes its
direction and increases linearly in a negative sense.
Fifth Stage (4 ts): at the instant=t4, the switch
S1is blocked. Capacitd®rl is charged and capacitor

. . E .
i (t) =ig(t)+—==sin(wet) (1)
Zn
Lr 1
Where: Zn= /— andw. = —
4Cr °  JaLrcr
Lr =Lrl=Lr2 andCr =Crl=...=Cr6

Ninth Stage @ to): when the voltage acrog3r6
equalsE, the voltage acros€r5 becomes null and
diode D5 starts to conduct. The current througfi
decreases as a consequence of the resistive elements
present in the loop formed 82 Lrl andD5. When
the current throughrl becomes equal to the load

Cr2 is discharged in linear fashion, while the current oy rrent, the first stage of operation restarts and one
throughLrl remains constant and equal to the |°adswitching period is completed.

current. The voltage acro€r1 increases fronzero
to E+vg;, while the voltage acro€3r2 decreases from
E+vy, to zera

3.

The topological stages in one period of
commutation are shown in Fig. 2, and the main
theoretical waveforms are shown in Fig. 3.
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Figure 2 — Topological stages in one switching period.
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Figure 3 — The main theoretical waveforms in one switching
period.

‘1,2 ta, g

Il — THE CLAMPING ACTION

The normalized clamped voltage/g;(t) is

expressed by (2). The normalized maximum clampe

voltage is given by (3) and it is represented
graphically by Fig. 4.
Vg = vty masin(wt) (2)
E y T fn [1— masin(wt )]
_ Vol _ ma
VoTna = E ynfn(l—ma) (3)
Where: ma is the amplitude modulation ratio
_Zo
" Zn
_fo
Cfs

The maximum active switches voltage is the sum
of the DC bus voltage and the maximum clamped

voltage. The clamped voltage can be easily controlled

by an appropriate combination of resonant parameter

(Cr andLr). The resonant parameters also control the

soft commutation range.

Vg max
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Figure 4 — Normalized maximum clamping voltage.
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IV — COMMUTATION ANALYSIS

Soft commutation is achieved when the
following expression is satisfied. The regions for soft
commutation are graphically represented by Fig. 5.

wt > asir% + 2 E (4)
a

7 fn(1-ma)
wt
(degree)|

80
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0.3
Figure 5 — Soft commutation regions.
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V — DESIGNPROCEDURE

A 2.5kVA ZVS-PWM-VSI with active voltage

Gclamping was designed to drive an induction motor

with the following characteristics:
VOms =120/ ; oy, = 20.8A; fo=60Hz;
[0max = 29.5A; ma=0.773; cosp =0.95;
Lo=477mH ; Ro=54Q ; Zogon, =5.76Q .
The DC bus has a medium point and its total
voltage is equal t& = 440/ .
Choosing fn=75 and the soft commutation

range betweer2(® and 1®° and with the aid of
Fig. 5, y =0.1175 is obtained. Hence:

n= i = E =
\4Cr
fs = 7.8kHz (switching frequency)
fr = fs fn = 585kHz (resonant frequency)

49.02Q

Lr=—2" —133uH
27 fr

S

cr=—t" —15nF

2 7n?



Cg= 1

== 35uF (clamping capacitor)
4m° Lr fs
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VI — EXPERIMENTAL RESULTS

A prototype of a 2.5kVA zero-voltage-switching
pulse-width-modulated voltage-source inverter with R S
active voltage clamping (ZVS-PWM-VSI-AVC) has Eoo L S

been built, using the scheme shown in Fig. 6 and the C : ‘
values calculated in the previous section. P f e
1 1 1 1 \: 1 1 1 1
-D»il o] T ot T co Figure 7 — Clamped voltages in Cgl and Cg2 (10V/div; 2ms/div).
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Figure 6 — The experimented inverter. @ - -« -

The inverter is operated under conventional S
sinusoidal pulse-width modulation. The relevant E
devices specifications are given below. o

S1-S4 = SKM50GB123D - Semikron - 9‘ c ‘ tt‘h ‘hLl S with the load .

_ _ . e igure 9 — Curren roug rl superposed wi e load curren

D5- D6 = HFAL15TB60 - International Rectifier (20A/div: 2ms/div).

Lf =1.8mH (output inductor filter)
Cf =22uF (output capacitor filter).
The following figures show the experimental
results for full load condition.
Fig. 7 shows the voltage across and the current
through the load.
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: ‘ ‘ ‘ ‘ Figure 10 — Detail of Lr1 current during one switching period
S U A VA (20A/div; 25us/div).
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Figure 7 — Voltage across and current through the load (50V/div;
10A/div; 2ms/div).

The clamping voltages acro€gl and Cg2 are
shown in Fig. 8. They are limited to 40V. ! B ‘ |

The resonant current throughrl is shown in T i
Fig. 9 for one load period and in Fig. 10 for one o ‘
switching period. The maximum value of the resonant
current is 40A. o

Fig. 11 shows the resonant current throughfor R S
one load period and Fig. 12 shows the same currenEigure 11 — Current through Lr1 superposed with the load current
for one switching period. (20A/div; 2ms/div).
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Figure 12 — Detail of Lr1 current during one switching period
(10A/div; 2Qus/div).

Fig. 13 shows the voltage acro§&l and the
current through this switch.

In Fig. 14 it is shown voltage across and current
through the main switcB2

A detail of the turn-on process in the main switch
is shown in Fig. 15. This figure proves that the turn-
on process 0b2is entirely lossless.
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Figure 13 — Voltage across and current through the auxiliary
switch S1 (100V/div; 10A/divis/div).
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Figure 14 — Voltage across and current through the main switch S2

(100V/div; 10 A/div; 1s/div).

In Fig. 16 a detail of turn-off process in the main
switch S2 is shown. The pronounced tail current of

Eaal S IR S A

Figure 15 — Detail of the main switch S2 turn-on process
(100V/div; 10 A/div; gs/div).
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Figure 16 — Detail of the main switch S2 turn-off process
(100V/div; 10 A/div; 200ns/div).

Fig. 17 shows the efficiency of the new inverter.
At full load condition the measured efficiency was
96.9%.
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Figure 17 — Efficiency of the new inverter.
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VIl — COMPARISON WITH THEUNDELAND SNUBBER

In order to compare the results obtained with the
new soft commutation inverter another inverter using
the Undeland Snubber with the same characteristics
depicted in section V has been implemented.

The inverter with the Undeland Snubber applied
in this case is shown in Fig. 18 and the principal
components used are given bellow.

Ls=28uH ; Cs=4.1nF

the IGBT produces an additional power loss that canR9=90; Cg = 40uF
be avoided by choosing a better switch, e.g. the fourthS; — S, = SKM50GB123D - Semikron

generation IGBTSs.

Ds = MUR460 - Motorola



Figure 18 — Half-bridge inverter with the Undeland Snubber.

Fig. 19 shows the turn-on process of switdh
In Fig. 20 a detail of the switcls1 turn-off

process is shown. It can be seen in this figure thatommutated converter

there is a pronounced IGBT tail current.
Fig. 21 shows the efficiency of the half-bridge
inverter with the Undeland Snubber.

Figﬂre lé - 5etai| ‘of thé swi‘tch él turh—on ‘process
(100V/div; 10 A/div; 50ns/div).
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Figﬁre 26 - 5etai| ‘of thé swi‘tch §1 turh—off brocess
(100V/div; 10 A/div; 200ns/div).
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Figure 21 — Efficiency of the half-bridge inverter
aided by the Undeland Snubber.

In the previous picture it can be seen that the

proposed. In this case the inverter aided by the
Undeland Snubber was favored because the switching
frequency is low and the commutation losses are not
very significant. When the switching frequency
becomes higher the commutation loss also becomes
higher and a passive solution, such as the Undeland
Snubber, would be a bad choice.

In order to make a better comparison a new design
using a higher switching frequency has been done.

VIl — CONCLUSION

In this paper a new soft commutation PWM
voltage-source inverter was presented and analyzed.
This new topology combines the advantages of a soft
using the zero-voltage-
switching technique in a wide range of load current
and those of a conventional pulse-width modulation.
The transistor voltage stress can be limited as close as
necessary from the DC bus voltage and the maximum
value of resonant current also can be controlled by
the resonant parameters. The new inverter has the
additional advantages of integrating all of the major
parasitic components and easing the implementation
with power modules. Experimental results show that
the new proposed inverter reduces the losses of the
IGBT by allowing zero voltage condition during the
turn-on and turn-off process. The efficiency at full
load condition is 96.9%. A comparison between the
inverter aided by the Undeland Snubber with the new
topology proves that both converters presented
equivalent performances.

VIl — REFERENCES

UNDELAND, T. M.; JENSET, F.; STEINBAKK, S.;
ROGNE, T. and HERNES, MA snubber configuration for
both power transistor and GTO PWM inverte@onference
Records of the IEEE PESC, 1984, pp. 42-54.

BOYER, S.; FOCH, H.; ROUX, J.; METZ, MChopper and
PWM inverter using GTO’s in dual thyristor operation.
Proceedings of the Second European Conference on Power
Electronics and Applications, 1987, pp. 383-389.

CHERITI, A.;, HADDAD, A.; DESSAINT, L. A;
MEYNARD, T. A.; MUKHEDKAR, D. A rugged soft
commutated PWM inverter for AC drivé3onference Records
of the IEEE PESC, 1990, pp. 656-662.

FOCH, H.; CHERON, Y.; METZ, M.; MEYNARD, T.
Commutation mechanisms and soft commutation in static
converters Proceedings of the First Brazilian Power
Electronics Conference, 1991, pp. 338-346.

BINGEN, G. Utilisation de transistor a fort current e tension
eleveeProcedings of the First EPE, 1985, pp. 1.15-1.20.
McMURRAY, W. Resonant snubbers with auxiliary switches.
Conference Records of the IEEE IAS Annual Meeting, 1989,
pp. 829-834.

DE DONCKER, R. W.; LYONS, J. PThe auxiliary resonant
commutated pole converte€onference Records of the IEEE
IAS Annual Meeting, 1990, pp. 1221235.

DUARTE, C. M. C.; BARBI, I.A new family of ZVS-PWM
active-clamping DC-to-DC boost converters: analysis, design,
and experimentatiadEEE Transactions on Power Electronics,
vol. 12, No 5, July 1997, pp. 824-831.

[9] CARSTEN, B.Design techniques for transformers active reset
circuits at high frequencies and power leveGonference
Records of the IEEE HFPC 1990, pp. 235-246.

(1]

(2]

(3]

(4]

(5]
(6]

(7]

(8]

results are equivalent compared with the new inverter





