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(57) ABSTRACT

A power supply for performing arc-machining operation
includes a primary rectifier connected to the commercial AC
power source and an inverter coupled to the rectifier. A
switching device 1s provided between the rectifier and the
inverter. By controlling the power supplied from the rectifier
to the 1nverter, the switching device prevents a large switch-
ing loss from occurring in the inverter.

9 Claims, 13 Drawing Sheets
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ARC-MACHINING POWER SUPPLY WITH
SWITCHING LOSS REDUCING ELEMENT

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a power supply used for
performing arc-machining operations such as arc welding,
arc cutting and plasma arc-machining. In particular, 1t relates
to an arch-machining power supply that can reduce switch-
ing loss incurred when direct current 1s converted to high-
frequency alternating current by a switching device.

2. Description of the Related Art

FIG. 1 of the accompanying drawings 1s a circuit diagram
illustrating a conventional power supply used for performing
the arc-machining of an object 2 with a torch 1. The sign
DR1 refers to a primary rectifier for converting the output
from the commercial power source (AC) to direct current.
The sign C1 refers to a capacitor for smoothing the voltage
of the converted direct current. The combination of the
primary rectifier DR1 and the smoothing capacitor C1
provides the DC power source of the illustrated system.

The conventional power supply system includes an
inverter provided by the bridge connection of first to fourth
switching elements TR1~TR4. The first and the fourth
clements TR1, TR4 make a first switching pair, while the
second and the third elements TR2, TR3 make a second
switching pair. For conversion of the direct current to the
high-frequency alternating current, the first and the second
switching pairs are alternately turned on and off 1n accor-
dance with the first to fourth driving signals Tr1~Trd sup-
plied from a switch driver, or mverter driver SD.

When the switching elements TR1~TR4 are changed
from the on-state to the ofi-state, a high voltage (surge) of
the polarity reverse to that of the elements TR1~TR4 may
occur. To protect the elements TR1~TR4 from the surge,
tour diodes DR3~DR6 are connected 1n parallel to bypass
the elements TR1~TR4. A main transformer INT, connected
to the 1inverter, 1s provided for changing the primary voltage
to a secondary voltage suitable for arc-machining. The
secondary coil of the transformer INT 1s connected to a
secondary rectifier DR2 that converts the AC output of the
transformer INT to direct voltage for the arc-machining.

This voltage 1s supplied via a direct current reactor DCL.

An output current detector ID outputs an output current
detection signal Id. A comparison operator ER compares this
detection signal Id with an output current setup signal Ir, and
produces a comparison signal Er=Ir-Id. An output controller
SC performs PWM (pulse width modulation) control, 1n
which the frequency of the pulse remains the same, while the
width of the pulse 1s varnied. Specifically, based on the
comparison signal Er, the output controller SC controls the
pulse width of a first output control signal Scl (see Scl in
FIG. 2) and that of a second output control signal Sc2 (see
Sc2 1n the same figure).

The switch dniver SD outputs first and fourth driving
signals Trl, Trd4, both of which are identical, based on the
first output control signal Scl1, and also outputs second and
third driving signals Tr2, Tr3, both of which are i1dentical,
based on the second output control signal Sc2.

FIG. 2 1s a ttiming chart showing the relationships among,
the first output control signal Scl, the second output control
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signal Sc2, the first driving signal Trl (which 1s the same as
the fourth driving signal Trd), the second driving signal Tr2
(which 1s the same as the third driving signal Tr3), the
superposed collector-emitter voltage V1 (solid lines) &
collector current Icl (broken lines) of the first switching
clement TR1, and the superposed collector-emitter voltage
V2 (solid lines) & collector current Ic2 (broken lines) of the
second switching element TR2.

The workings of the first and the second switching
elements TR1, TR2 will now be described. It should be
noted that the third and the fourth switching elements TR3
and TR4 behave in the same manner as the first and the
second switching elements, and therefore they will not be
discussed below.

First, the startup switch TS shown 1n FIG. 1 outputs a
startup signal Ts to the output controller SC. Upon receiving,
the signal, the controller SC outputs the first output control
signal Scl and the second output control signal Sc2 shifted
half cycle relative to the first output control signal Scl. As
shown 1 FIG. 2, the first and the second output control
signals Scl, Sc2 have pulse durations T1 and T2,
respectively, that are determined by the comparison signal
Er (=Ir-1d).

In general, the switching elements will take a relatively
long time to change from the on-state to the ofi-state than
from the ofl-state to the on-state. Due to this, without taking
any countermeasures, the turn-on states of the first and the
second switching pairs would overlap, whereby “arm short-
circuiting” occurs. To prevent this, there 1s an appropriate
pause 17 (see FIG. 2) between the on-state of the drive
signal Trl and the on-state of the drive signal Tr2.

At t=tl1, the switch driver SD outputs the first drive signal
Trl and the fourth drive signal Tr4. Upon receiving this, the
first and the fourth elements TR1, TR4 change from the
olil-state to the on-state. At this time, a switching loss (called

“turn-on loss™ below) occurs, as represented by the region
Lnl in FIG. 2.

At t=t2 (FIG. 2), the switch driver SD, in synchronism
with the first output control signal Sc1, turns off the first and
the fourth drive signals Trl, Trd4. Accordingly, the first and
the fourth elements TR1, TR4 change from the on-state to
the off-state, which results 1n the switching loss, or “turn-oil
loss”, as shown by the region Lil. In addition to this,
saturation loss (not shown) will occur when the first and the
fourth elements TR1, TR4 are operating in the saturation
region during the on-period T3.

When the above-mentioned pause T7 expires, the first and
the fourth elements TR1, TR4, for example, change from the
on-state to the off-state, while the second and the third
clements TR2, TR3 have already been 1n the off-state. Thus,
a surge voltage will occur across the emitter and the col-
lector of the first and the fourth elements TR1, TR4. The
surge voltage 1s conducted through the bypassing diodes
DR3~DR6, to be absorbed by the smoothing capacitor C1.

The turn-off loss will now be described. During the
transition period from the on-state to the ofi-state, the first
and the fourth elements TR1, TR4 are unsaturated. At this
time, the collector current Icl of the first element TR1 (and
that of the fourth element TR4) reduces than when the
clement 1s saturated, while the collector-emitter voltage V1
of the element TR1 (and that of the element TR4) increase.
The turn-ofl loss 1s determined by the product of the
collector current Icl and the collector-emitter voltage V1
(see the region L1l in FIG. 2). ITf IGBTs (Insulated Gate
Bipolar Transistors) are used for the first and the fourth
elements TR1, TR4, the collector current Ic will become
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zero rather slowly after the collector-emitter voltage V1
arises. As a result, the turn-off loss becomes greater.

The turn-on loss will now be described. During the
transition from the ofl-state to the on-state, the first and the
fourth elements TR1, TR4 (or TR2, TR3) become saturated.
Due to this, the collector-emitter voltage V1 of the first
clement (and that of the fourth element as well) decreases
than in the ofl-state, while the collector current Icl of the
first element (and that of the fourth element) increases. The
product of the collector current Icl and the collector-emaitter
voltage V1 produces the turn-on loss (see the region Lnl
shown 1n FIG. 2). The turn-on loss 1s very small in com-
parison with the turn-off loss, and its effect 1s negligible.

Next, the saturation loss will be described. When the first
and the fourth elements TR1, TR4 are saturated in the
on-state, the collector current Ic of the first element TR1 1s
a rated current, and the collector-emitter voltage V1 1s a
saturated voltage. Under this condition, a saturation loss
occurs, which 1s determined by the product of the collector
current Icl and the collector-emitter voltage V1. The satu-
ration voltage depends on the properties of the switching
elements and the drive conditions. Further, the saturation
less, not aflected by the switching frequency, 1s essentially
constant. Thus, the present mvention does not address the
reduction of the saturation loss.

At t=t3 shown 1n FIG. 2, the switch driver SD outputs the
second drive signal Tr2 and the third drive signal Tr3. Upon
receiving the signal, the second element TR2 and the third
clement TR3 change from the ofl-state to the on-state. At this
time, a switching loss represented by the region Ln2 will
OCCUL.

In synchronism with the second output control signal Sc2,
the switch driver SD turns off the second and the third drive
signals 1r2, Tr3 at t=t4 (FIG. 2). Thus, the second and the
third elements TR2, TR3 change from the on-state to the
ofl-state, and a turn-off loss represented by the region L12
will occur. In addition, a saturation loss will occur since the
second and the third elements TR2, TR3 operate in the
saturated region during the on-period T4. The on-periods 13

and T4 are the same 1n length.

In the conventional inverter circuit, an unduly great
switching loss (“turn-ofl loss”) will occur when the elements
TR1~TR4 change from the on-state to the ofl-state. When
the frequency of the inverter circuit 1s increased, the number
of switching operations per unit time 1s increased. As a
result, the switching loss per unmit time becomes greater. This
requires a larger cooling device for preventing the overheat
of the switching elements TR1~TR4. Accordingly, the
power supply as a whole becomes bigger, which results in
increased costs.

SUMMARY OF THE INVENTION

The present invention has been proposed under the cir-
cumstances described above. It 1s, therefore, an object of the
present mnvention to provide an arc-machining power supply
whereby the switching loss can be significantly reduced than
the conventional apparatus.

According to the present invention, there 1s provided an
arc-machining power supply that comprises: a DC circuit
that outputs DC voltage; an mverter circuit that includes a
pair of first and fourth switching elements and another pair
of second and third switching elements, the first to the fourth
switching elements being connected to form a bridge circuit
for converting the DC voltage to high-frequency AC volt-
age; a transformer that converts the high-frequency AC
voltage to a voltage suitable for a desired arc-machining
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process; a rectifier circuit that rectifies the voltage converted
by the transformer for output of DC voltage; a power on/oil
device arranged between the DC circuit and the inverter
circuit for controlling an output from the DC circuit to the
inverter circuit; an auxiliary capacitor for turning on the
power on/oil device when 1nput voltage to the power on/ofl
device 1s substantially equal to output voltage from the
power on/oll device; an output control circuit that supplies
first and second output control signals for performing
required feedback control, the first output control signal
being oflset from the second output control signal by half a
cycle; a power on/ofl driver that turns on the power on/off
device when the first output control signal changes to a high
level, and turns off the power on/ofl device when the first
output control signal changes to a low level; and an inverter
driver that turns on the first and the fourth switching
clements when the first output control signal changes to the
high level, and turns off the first and the fourth switching
clements when the first output control signal changes to the
low level and a predetermined capacitor discharge period
clapses, the inverter driver being also arranged to turn on the
second and the third switching elements when the second
output control signal changes to a high level, and turn off the
second and the third switching elements when the second
output control signal changes to a low level and a predeter-
mined capacitor discharge period elapses.

il

Preferably, the power on/off driver may further turn on the
power on/oll device when the second output control signal
changes to a high level, and may also turn off the power
on/oil device when the second output control signal changes
to a low level.

Preferably, the power supply of the present invention may
turther comprise a smoothing circuit that includes first and
second smoothing capacitors of a same capacitance which
are connected 1n series, the smoothing circuit being con-
nected 1n parallel to the DC circuit. The power on/ofl device
includes a first power on/ofl switch and a second power
on/off switch, the first power on/oil switch being arranged
between a plus side of the DC circuit and a plus side of the
inverter circuit for controlling the output of the DC circuat,
the second power on/ofl switch being arranged between a
minus side of the DC circuit and a minus side of the mnverter
circuit for controlling the output of the DC circuat.

Preferably, the power supply of the present invention may
turther comprise two diodes, wherein one of the two diodes
1s arranged between a middle point of the smoothing circuit
and an emitter side of the first power on/ofl switch, the other
of the two diodes being arranged between the middle point
of the smoothing circuit and a collector side of the second
power on/oll switch.

Preferably, the power supply of the present invention may
further comprise first and second surge return switches,
wherein the first surge return switch 1s arranged between a
middle point of the smoothing circuit and an emitter side of
the first power on/ofl switch for conducting a surge voltage
to the smoothing circuit, the surge voltage occurring when
the first and the fourth switching elements are turned off, and
wherein the second surge return switch 1s arranged between
the middle point of the smoothing circuit and a collector side
of the second power on/ofl switch for conducting another
surge voltage to the smoothing circuit, said another surge
voltage occurring when the second and the third switching
clements are turned off.

Preferably, the power on/ofl dniver may turn on the first
power on/ofl switch when the first output control signal
changes to a high level, while also turning on the second
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power on/oil switch when the second output control signal
changes to a high level. Further, the power on/off driver may
turn off the first power on/ofl switch when the first output
control signal changes to a low level, while also turning off
the second power on/ofl switch when the second output
control signal changes to a low level.

Preferably, the inverter driver may turn on the first surge
return switch when the first output control signal changes to
a low level and the capacitor discharge period elapses, the
turned-on first surge return switch being turned ofl after a
predetermined length of time. Further, the inverter driver
may turn on the second surge return switch when the second
output control signal changes to a low level and the capacitor
discharge period elapses, the turned-on second surge return
switch being turned off after a predetermined length of time.

Preferably, the capacitor discharge period may have a start
point and an end point. The start point may be defined as a
point of time when either of the first and the second output
control signals changes to a low level, while the end point
may be defined as a point of time when an output discharge

from the auxiliary capacitor becomes smaller than a prede-
termined threshold.

Other features and advantages of the present mvention

will become apparent from the detailed description given
below with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a circuit diagram showing a conventional
arc-machining power supply;

FIG. 2 1s a timing chart illustrating the workings of the
conventional power supply;

FIG. 3 1s a circuit diagram showing an arc-machiming
power supply according to an embodiment of the present
invention;

FIG. 4 1s a timing chart illustrating the workings of the
power supply of the present invention;

FIG. 5 1s a circuit diagram showing an arc-machining
power supply according to a second embodiment of the
present mvention;

FIG. 6 shows the principal components of the inverter
driver SRC shown 1n FIG. §;

FIG. 7 1s a circuit diagram showing an arc-machining
power supply according to a third embodiment of the present
invention;

FIG. 8 shows the principal components of the inverter
driver SRV shown 1n FIG. 7;

FIG. 9 1s a circuit diagram showing a high-voltage arc-
machining power supply according to a fourth embodiment
of the present invention;

FIG. 10 1s a timing chart illustrating the workings of the
power supply shown 1n FIG. 9;

FIG. 11 1s a circuit diagram showing a high-voltage
arc-machining power supply according to a fifth embodi-
ment of the present invention;

FIG. 12 1s a circuit diagram showing a high-voltage
arc-machining power supply according to a sixth embodi-
ment of the present invention; and

FIG. 13 1s a circuit diagram showing a high-voltage
arc-machining power supply according to a seventh embodi-
ment of the present invention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENT

Preferred embodiments of the present imnvention will be
described below with reference to the accompanying draw-
ngs.

(Ll
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FIG. 3 shows an arc-processing power supply according
to a first embodiment of the present invention. As seen from
the comparison between FIG. 3 and FIG. 1, the power
supply of the present invention includes the same compo-
nents as those used in the conventional power supply. In
FIG. 3, these common parts are designated by the same
reference signs as used i FIG. 1. The workings of the
common components are the same as those of the conven-
tional counterparts, and the explanation about them may not
be repeated below.

In the present invention again, the first switching pair 1s
made up of first and fourth switching elements TR1, TR4,
and the second switching pair 1s made up of second and third
switching elements TR2, TR3. The first and the fourth
clements TR1, TR4 operate in the same manner, and the
second and the third elements TR2, TR3 operate 1n the same
manner. Thus, the workings of the first element TR1 and the
second element TR2 only will be described below.

In the power supply of FIG. 3, a switching element TRS
1s disposed between the smoothing capacitor C1 and an
auxiliary capacitor C2, these three components being con-
nected i series. The switching element TRS serves as a
chopper for controlling the voltage from the DC supply
circuit. The switching element TRS 1s bypassed by a diode
DR7 for protection against high voltage which would oth-
erwise be applied across the element TRS.

The auxiliary capacitor C2 is provided for enabling the
null voltage switching of the switching element TR5. Even
if the auxiliary capacitor C2 1s not provided, the voltage
applied to the inverter circuit becomes zero when the
switching element TRS i1s turned off. Under this condition,
it 1s possible for the switching elements of the inverter
circuit to perform the null voltage switching. However, the
switching element TRS suflers from some switching loss.
With the auxiliary capacitor C2 provided, on the other hand,
the voltage applied to the switching element TRS becomes
zero. As a result, the null voltage switching of the element
TRS can be performed, while the switching elements of the
inverter circuit can be turned off at zero volt.

A switch or inverter driver SR outputs a first driving
signal Trl and a fourth driving signal Trd when the first
output control signal Scl 1s changed to a High level. Then,
when the control signal Scl 1s changed to a Low level, the
iverter driver SR stops the output of the first and fourth
driving signals Irl, Trd after a prescribed discharge period
Ta for the auxiliary capacitor has lapsed. Then, when the
second output control signal Sc2 1s changed to a High level,
the mverter driver SR outputs a second driving signal Tr2
and a third driving signal Tr3. Then, when the control signal
Sc2 1s changed to a Low level, the inverter driver SR stops
the output of the second and third driving signals Tr2, Tr3
alter the discharge period Ta has lapsed.

A power on/ofl drniving circuit CR calculates the logical
OR of the first and the second output control signals Scl,
Sc2, and also the logical OR of the first element driving
signal Trl and the second element drniving signal Tr2.
Further, the driving circuit CR calculates the logical AND of
the two results obtained by the logical OR. The driving
circuit CR outputs the result of the logical AND as a power
on/oil driving signal Cr.

Reference 1s now made to the timing chart shown in FIG.
4 that illustrates the workings of the power supply of FIG.
3. In the chart, the reference sign Scl refers to the first output
control signal, the Sc2 to the second output control signal,
the Trl to the first element driving signal, the Tr2 to the
second element driving signal, the Cr to the power on/ofl
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driving signal, the Vc¢2 to the terminal voltage of the
auxiliary capacitor C2, the V1 to the collector-emitter volt-
age of the first element TR1, the Icl to the collector current
of the first element TR1, the V2 to the collector-emitter
voltage of the second element TR2, the Ic2 to the collector
current of the second element TR2, the V5 to the collector-
emitter voltage of the power on/ofl switching element TRS,

and the Ic5 to the collector current of the switching element
TRS.

Upon recerving a startup signal Ts from the startup switch
TS (see FIG. 3), the output control circuit SC outputs the
first and the second output control signals Sc1, Sc2. The first
signal Scl has a pulse width T1, and the second signal Sc2
has a pulse width T2. These pulse widths are determined by
the comparison signal Er. Upon receiving the first output
control signal Scl at t=tl, the inverter driver SR outputs a
first driving signal Trl and a fourth driving signal Trd4
identical to the first signal Trl. Based on these signals, the
first and the fourth elements TR1, TR4 are changed from the
off-state to the on-state. Thus, the collector current Icl of the
first switching element flows. Further, the turn-on loss
represented by the region Ln3 1 FIG. 3 occurs at the first
and the fourth elements TR1, TR4. The turn-on loss 1s
determined by the product of the collector current Icl and
the collector-emitter voltage V1.

At t=t7, the first output control signal Scl 1s turned off.
Then, after the predetermined discharge period Ta for the
auxiliary capacitor has lapsed (1.e., at t=t2), the inverter
driver SR turns off the first driving, signal Trl and the fourth
driving signal Tr4. During the period T3 (=11+7Ta), the first
and the fourth switching elements TR1, TR4 are i the
on-state, and saturation loss will occur.

At t=t7, the power on/ofl dniving signal Cr 1s turned off
together with the output control signal Scl. Accordingly, the
switching element TRS 1s changed from the on-state to the
ofl-state, thereby terminating the DC voltage supply from
the DC circuit. During the on-state period TS, saturation loss
occurs at the switching element TRS.

At t=t2, the first and the fourth driving signals Tr1, Tr4 are
turned off, whereby the first and the fourth elements TR1,
TR4 are changed to the off-state. At this time, the terminal
voltage Vc2 of the auxiliary capacitor C2, 1s already zero.
Thus, the first and the fourth elements TR1, TR4 are turned
ofl with the mput and the output voltages being substantially
zero, and therefore the turnoil loss can be substantially zero.

For avoiding the above-described arm shorting, the pause T7
1s set between t=t2 and t=t3.

At t=t3, the power on/ofl driving signal Cr 1s turned on 1n
synchronism with the second element driving signal Tr2.
Accordingly, the switching element TRS 1s changed to the
on-state. At this state, the auxiliary capacitor C2 1s fully
charged, which 1s indirectly related to the leakage induc-
tance of the main transformer INT. Thus, the switching
clement TRS can be turned on, with the input and the output
voltages being substantially the same.

At t=t3, upon receiving the second output control signal
Sc2, the mverter driver SR outputs the second element
driving signal Tr2 and the third element driving signal Tr3
to change the second and the third elements TR2, TR3 to the
on-state from the ofl-state. At this stage, the collector current
Tc2 of the second element flows, and the switching loss
(turn-on loss) represented by the region Lnd occurs at the

second and the third elements TR2, TR3.

At t=t8 the second output control signal Sc2 1s turned ofl.
Then, at t=t4 (after the predetermined discharge period Ta of
the auxiliary capacitor has lapsed), the inverter driver SR
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turns off the second and the third element driving signals
112, Tr3. During the period T4 (=12+7Ta), the second and the
third elements TR2, TR3 are in the on-state, and saturation
loss occurs. The power on/ofl dniving signal Cr for the
driving circuit CR 1s turned off together with the second
output control signal Sc2. During the on-period T5 for the
switching element TRS, saturation loss will occur. When the
switching element TRS i1s turned off, the supply of the DC
voltage from the DC supply circuit 1s stopped.

At t=t4, the second and the third element driving signals
Tr2, Tr3 are turned off, to change the second and the third
elements TR2, TR3 to the ofl-state. At this stage, the
terminal Voltage Vc2 across the auxiliary capacitor C2 1s
already zero. The second and the third elements TR2, TR3
are turned ofl, with the mput and the output voltages bemg
substantially the same (zero volt), whereby the turn-ofl loss
can be substantially zero.

The collector-emitter voltage V3 of the switching element
TR5 at between t=t7 and t=t2 1s caused by the discharging
and recharging of the auxiliary capacitor C2 during the
ofl-period T6 of the switching element TRS. The collector
current Ic5 of the switching element TRS at between t=tl
and t=t7 1s the collector current Icl passing through the first
switching pair (1.e., TR1 and TR4). Similarly, The collector
current Ic5 at between t=t3 and t=t8 1s the collector current

Ic2 passing through the second switching pair (1.e., TR2 and
TR3).

Reference 1s now made to FIG. 5 which 1s a circuit
diagram showing an arc-machining power supply according
to a second embodiment of the present invention. In FIG. 5,
the same reference signs are used for indicating the same

components (having the same functions) as those shown 1n
FIG. 3.

The power supply of the second embodiment includes a
primary current detecting circuit CT arranged between the
primary coil of the transformer INT and a node connecting
the first and the third elements TR1, TR3. The detecting
circuit CT detects a primary current (the discharge current
from the auxiliary capacitor C2) and outputs a primary
current detection signal Ct. This detection signal Ct 1s
inputted to the inverter driver SRC. As shown 1n FIG. 6, the
driver SRC 1s composed of two OR gates OR3, OR4, two
inverter-setup time circuits T11, T12 for the primary current,
and four bufler gates BF1~BF4. The first time circuit T11
begins to operate when the first output control signal Scl 1s
turned off. The time circuit T11 changes the discharge period
Ta of the auxiliary capacitor in accordance with the first
current detection signal Ct. When the value of the detection
signal Ct becomes smaller than a predetermined threshold,
the time circuit T11 terminates the discharge period Ta. The
OR gate OR3 calculates the logical OR of the first output
control signal Sc1 and the discharge period Ta, to output an
OR signal Or3. Then, the OR signal Or3 1s split by the first
and the fourth bufler gates BF1, BF4, to be outputted as the
first driving signal Trl and the fourth driving signal Trd4. The

second time circuit T12 behaves like the first time circuit
T11.

Referring to the timing chart shown i FIG. 4, the
operations of the second embodiment shown 1n FIG. 5 will
now be described. When the first output control signal Scl
1s nputted to the mverter dnver SRC at t=tl, the inverter
driver SRC outputs the first driving signal Trl and the
identical fourth driving signal Trd4. Thus, the first and the
fourth elements TR1, TR4 are changed to the on-state from
the ofl-state. When the first output control signal Scl 1s
turned ofl at t=t7, the first time circuit T11 begins to operate,
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and determines the output duration of the signal for the
pertod Ta 1n accordance with the first current detection
signal Ct.

FIG. 7 1s a circuit diagram showing an arc-machining
power supply according to a third embodiment of the present
invention. In FIG. 7, components i1dentical or similar to
those shown 1n FIG. 3 are indicated by the same reference
signs as used in FIG. 3. The power supply of the third
embodiment 1s the same as that of the first embodiment
except for the differences described below.

The power supply of FIG. 7 1s provided with a primary
voltage detection circuit CV which 1s connected 1n parallel
to the auxiliary capacitor C2 for detection of the discharge
voltage of the capacitor C2. The result of the detection 1s
outputted as a voltage detection signal Cv.

As shown 1n FIG. 8, the inverter driver SRV of the third
embodiment 1s provided with a voltage comparator CP and
a reference voltage setup circuit VR, none of which are
present 1n the mverter driver SRC of FIG. 6. The inverter
driver SRV 1s further provided with an inverter-driving setup
time circuit TV1 1n place of the time circuit T11 of FIG. 6,
and with another inverter-driving setup time circuit TV2 1n
place of the time circuit T12 of FIG. 6. The voltage com-
parator CP compares the voltage detection signal Cv with
the reference voltage setup signal Vr determined by the
reference voltage setup circuit VR. If the signal Cv 1s smaller
than the signal Vr, the voltage comparison signal Cp 1s
turned off. The time circuit TV1 begins to operate when the
first output control signal Scl 1s turned off, and outputs the
discharge period signal Ta. When the voltage comparison
signal Cp 1s turned off, the circuit TV1 terminates the
discharge period signal Ta. The other operations are the
same as 1n the second embodiment.

The workings of the third embodiment shown 1 FIG. 7
will be described with reference to the timing chart of FIG.
4. When the first output control signal Scl 1s inputted to the
inverter driver SRV at t=tl, the inverter driver SRV outputs
the first and the fourth element driving signals Trl, Trd to
change the first and the fourth elements TR1, TR4 to the
on-state from the ofl-state.

" at t=t7,

When the output control signal Scl 1s turned off
the time circuit TV1 shown in FIG. 8 begins to operate for
output of the discharge period signal Ta. Then, the voltage
comparator CP compares the voltage detection signal Cv
with the reference voltage setup signal Vr determined by the
setup circuit VR. IT the detection signal Cv 1s smaller than
the setup signal Vr, the voltage comparator CP turns off the
comparison signal Cp. When the signal Cp 1s turned ofl, the
time circuit TV1 terminates the output of the discharge
period signal Ta.

FIG. 9 1s a circuit diagram showing an arc-machining
power supply according to a fourth embodiment of the
present invention. In FIG. 9, components 1dentical or similar
to those shown 1n FIG. 3 are indicated by the same reference
signs used 1n FIG. 3.

The first and the second smoothing capacitors C3, C4 are
connected 1n series to each other, while the combination of
them 1s connected 1n parallel to the primary rectifier DR1.
The capacitances of the two capacitors C3, C4 are the same.
The commercial alternating power supply AC supplies volt-
age ranging from 380V -15% to 575V +15%. The combina-
tion of the rectifier DR1 and the smoothing capacitors C3,
C4 provides a high-voltage DC circuit.

The switching elements TR6, TR9Y are alternately turned
on and ofl for controlling the voltage supply from the
high-voltage DC circuit. With the illustrated arrangement,
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high voltage 1s charged in the auxiliary capacitor C2 due to
the energy of the leakage inductance of the main transformer
INT. This voltage can be higher than the rated voltage of the
switching elements TR6, TR9. To avoid this, surge voltage
bypass elements (or return elements) TR7, TR8 are provided
for conducting the undesired voltage of the capacitor C2 to
the smoothing capacitors C3, C4.

The auxiliary capacitor C2 1s provided for allowing the
switching elements TR6, TR9 to be turned on, with sub-
stantially equal mmput and output voltages (zero voltage)
applied to them. It should be noted here that, for performing
zero-voltage switching, the auxiliary capacitor C2 1s not a
must since the voltage applied to the inverter circuit
becomes zero when the switching elements TR6, TR9 are
turned off. Without the capacitor C2, however, all the

switching loss would occur at the switching elements TR6
and TRY.

In FIG. 9, the high-voltage power on/ofl driving circuit
HCR calculates the logical AND of the first output control
signal Sc1 and the first element driving signal TR1, to output
the driving 31gnal Tr6 for the switching element TR6. When
the signal Trl 1s turned oil, the driving circuit HCR outputs
the driving signal Tr7 of a predetermined duration T10 for
the surge-evading switching element TR7. Further, the driv-
ing circuit HCR calculates the logical AND of the second
output control signal Sc2 and the second element driving
signal Tr2, to output the driving signal Tr9 for the switching
clement TRY. When the driving signal Tr2 1s turned off, the
driving circuit HCR outputs the driving signal Tr8 of a
predetermined duration T11 for the surge-evading switching,
clement TRS.

FIG. 10 shows a timing chart for illustrating the workings
of the arc-machining power supply of FIG. 9. Viewed from
the top to the bottom 1n FIG. 10, the caption Tr1 refers to the
wavelorm of the first element driving signal Trl, the caption
Tr2 to the wavetorm of the second element driving signal
112, the caption Tr6 to the waveform of the first power
supply driving signal Tr6, the caption 1r7 to the wavelorm
of the first surge-evading element driving signal Tr7, the
caption Tr9 to the waveform of the second power supply
clement driving signal Tr9, the caption Tr8 to the wavetform
of the second surge-evading element driving signal Tr8, the
caption Vc2 to the wavelorm of the voltage applied across
the auxiliary capacitor C2, the caption V1 to the wavelform
ol the collector-emitter voltage of the first switching element
TR1, the caption Ic1 to the wavetorm of the collector current
of the first element TR1, the caption V2 of the waveform of
the collector-emitter voltage of the second switching ele-
ment TR2, the caption Ic2 to the wavelorm of the collector
current of the second element TR2, the caption V6 to the
wavelorm of the collector-emitter voltage of the first power
supply on/ofl switching element TR6, the caption Icé to the
collector current of the switching element TR6, the caption
V9 to the collector-emitter voltage of the second power
supply on/ofl switching element TR9, and the caption Ic9 to
the collector current of the switching element TR9.

At t=t1, the first and the fourth switching elements TR1,
TR4 are changed to the on-state from the ofl-state upon
receiving the first and the fourth driving signals Tr1, Trd. At
the same time, the first power supply element driving signal
Tr6 15 outputted to change the switching element TR6 to the
on-state from the ofl-state. At this stage, the voltage Vc2
across the auxiliary capacitor C2 1s equal to E/2, where E 1s
the voltage of the rectified and smoothed power from the
power supply AC. The voltage E 1s halved since the two
smoothing capacitors C3, C4 have the same capacitance. As
the collector current Icl flows, the turn-on loss mdicated by
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the area LnS occurs 1n the first and the fourth switching
elements TR1, TR4.

During the turn-on period T8, a saturation loss occurs in
the switching element TR6. When the driving signal Tr6 1s
turned off at t=t7, the switching element TR6 1s turned off,
and the power supply to the inverter circuit ceases. When the
switching element TR6 1s turned ofl, the first smoothing
capacitor C3 and the auxiliary capacitor C2 are substantially
equally charged. Thus, zero voltage 1s applied to the switch-
ing element TR6, and no turn-off’ loss occurs.

At t=t2, the driving signals Irl, Tr4 are turned ofl, to
change the first and the fourth switching elements TR1, TR4
to the off-state from the on-state. This 1s done after the

auxiliary capacitor discharge period Ta has passed (1.e., the
auxiliary capacitor C2 has discharged a suflicient amount of
charge). Thus, the turn-ofl loss 1s substantially zero by the
turning-ofl of the first and the fourth switching elements.
Then, when the stored charge of the capacitor C2 becomes
substantially zero, the surge-evading switching element TR7

1s turned on, which causes no turn-on loss. The element TR7
1s held in the on-state for a predetermined period T10.

By turning off the first and the fourth switching elements
TR1, TR4, the auxiliary capacitor C2 begins to be charged
due to the electromotive force caused by the energy of the
leakage inductance of the transformer INT and the capacitor
C2. When the voltage Vc¢2 across the capacitor C2 becomes
greater than E/2 (the voltage across the smoothing capacitor
C3), a current tlows through the surge-evading switching
clement TR7, and the voltage Vc2 across the capacitor C2
remains to be E/2.

For prevention of the arm short (the short-circuiting in the
bridge coupling of the inverter circuit), a pause 17 1s
provided between t=t2 and t=t3. At t=t3, the driving signals
Tr2, Tr3 are outputted to change the second and the third
switching elements TR2, TR3 to the on-state from the
ofl-state. Also, the driving signal Tr9 1s outputted to change
the second power supply on/ofl switching element TR9 to
the on-state from the ofi-state. The voltage Vc2 across the
auxiliary capacitor C2 1s E/2. As the collector current Ic2 of
the second element tlows, the turn-on loss 1indicated by the
area Lné occurs 1 the second and the third switching

elements Tr2, TR3.

During the turn-on period 19, a saturation loss occurs in
the switching element TR9. When the driving signal T19 1s
turned off at t=t9, the switching element TR9 1s turned off,
and the power supply to the inverter circuit ceases. When the
switching element TR9 1s turned oil, the smoothing capaci-
tor C4 and the auxiliary capacitor C2 are substantially
equally charged. Thus, zero voltage 1s applied to the switch-
ing clement TR9, and no turn-ofil loss occurs.

At t=t4, the driving signals Tr2, Tr3 are turned offl, to
change the second and the third switching elements TR2,
TR3 to the off-state from the on-state. At this stage, the
charge stored 1n the auxiliary capacitor C2 1s zero, and thus
the turn-ofl loss 1s substantially zero. Then, while the stored
charge of the capacitor C2 1s zero, the surge-evading switch-
ing element TR8 1s turned on. Advantageously, this causes
no turn-on loss. With the second and the third switching
clements TR2, TR3 being turned off, the auxiliary capacitor
C2 begins to be charged due to the electromotive force
caused by the energy of the leakage inductance of the
transformer INT associated with the capacitor C2.

For preventing the arm short, a pause 1s provided between
t=t4 and t=tS.
Thereafter, the above-described processes are repeated.

FIG. 11 1s a circuit diagram showing a high-voltage
arc-machining power supply according to a fifth embodi-

10

15

20

25

30

35

40

45

50

55

60

65

12

ment of the present invention. In FIG. 11, components
identical or similar to those of the fourth embodiment are
indicated by the same reference signs as used 1n FIG. 9.

A current detecting circuit CT 1s arranged between the

primary coil of the transformer INT and a node connecting,
the first and the third switching elements TR1, TR3. The

detecting circuit CT detects a primary current (1.e., the
current discharged from the auxiliary capacitor C2) and
outputs a current detection signal Ct. The inverter driver
SRC performs the same functions as those of the iverter
driver of the second embodiment.

The workings of the power supply of the fifth embodi-
ment will be described with reference to the timing chart
shown 1n FIG. 10. At t=tl, the first output control signal Scl
(not shown 1n FI1G. 10) 1s mnputted to the inverter driver SRC.
Upon recerving the signal, the inverter driver SRC outputs
the switching element driving signals Irl, Trd4 to change the
first and the fourth switching elements TR1, TR4 to the
on-state from the ofl-state.

At t=t7, the output control signal Sc1 1s turned ofl, and the
switching element setup time circuit T11 begins to operate
to output a switching element setup signal Ta. The on-period
of the signal Ta 1s determined on the basis of the current
detection signal (i.e., the current discharged from the aux-
liary capacitor C2) Ct. Specifically, when the current detec-
tion signal Ct 1s smaller than a predetermined threshold, the
on-period of the signal Ta 1s terminated.

FIG. 12 1s a circuit diagram showing a high-voltage
arc-machining power supply according to a sixth embodi-
ment of the present invention. In FIG. 12, components
identical or similar to those of the power supply of the fourth

embodiment are indicated by the same reference signs as
used i FIG. 9.

The voltage detecting circuit CV 1s connected 1n parallel
to the auxiliary capacitor C2. The circuit CV detects the
voltage across the capacitor C2 (1.e., the voltage discharged
from the capacitor C2) and outputs the voltage detection
signal Cv. The switching element driver SRV performs the
same functions as those of the switching element driver of
the third embodiment.

The workings of the sixth embodiment will be described
with reference to the timing chart shown in FIG. 10. At t=t1,
the first output control signal Scl 1s mputted to the inverter
driver SRV. Upon receiving the signal Scl, the inverter
driver SRV outputs the driving signals Trl, Tr4 to change the
first and the fourth switching elements TR1, TR4 to the
on-state from the ofl-state.

At t=t7, the output control signal Sc1 1s turned off, and the
switching element setup time circuit TV1 begins to operate
to output a switching element setup signal Ta. The voltage
comparator CP compares the voltage detection signal Cv
with the reference voltage setup signal Vr (zero voltage)
determined by the reference voltage setup circuit VR. I1 the
voltage detection signal Cv 1s smaller than the reference
voltage setup signal Vr, the voltage comparison signal Cp 1s
turned off, which terminates the output of the setup signal

Ta

FIG. 13 1s a circuit diagram showing a high-voltage
arc-machining power supply according to a seventh embodi-
ment of the present invention. In FIG. 13, components
identical or similar to those of the power supply of the fourth

embodiment are indicated by the same reference signs as
used 1 FIG. 9.

The high-voltage power supply of the seventh embodi-
ment 1s basically the same to that of the fourth embodiment
(F1G. 9) except that the surge-evading switching elements
TR7 and TR8 of the fourth embodiment are omitted.
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In the power supply shown 1n FIG. 13, the capacitance of
the auxiliary capacitor C2 1s chosen so that all the electro-
motive force caused by the energy of the leakage inductance
of the transformer INT 1s used to charge the auxiliary
capacitor 2, and also that the voltage across the auxiliary
capacitor 2 1s not greater than the rating voltages of the
first~fourth switching elements TR1~TR4.

The workings of the seventh embodiment will be
described with reference to the timing chart shown 1n FIG.
10. At t=t7, the switching element TR6 1s turned ofl, to
terminate the supply of power from the smoothing capacitor
C3 to the mverter circuit. The turning-ofl’ of the switching
clement TR6 1s performed when the smoothing capacitor C3
and the auxiliary capacitor C2 are equally charged. Under
this condition, the voltage across the switching element TR6
1s zero, and therefore the turn-off loss can be zero.

At t=t2, the first and the fourth driving signals Trl and Tr4
are turned off, to turn ofl the first and the fourth switching
clements TR1 and TR4. At this stage, the voltage charged 1n
the auxiliary capacitor C2 has already been zero. Thus, the
turn-oil loss at the elements TR1 and TR4 1s zero. During the

On-period T3, some saturation loss occurs at the elements
TR1, TR4.

At t=t2, the first and the fourth switching elements TR1,
TR4 are turned off. At this stage, electromotive force 1is
generated due to the energy of the leakage inductance of the
transformer INT and to the auxiliary capacitor C2, and the
capacitor C2 begins to be charged. According to the seventh
embodiment, as noted above, the charge to be stored 1n the
capacitor C2 does not exceed the rating voltage of the
first~fourth elements TR1~TR4 by suitable adjustment of
the capacitance of the capacitor C2.

According to the seventh embodiment, the capacitance of
the capacitor C2 1s optimized, which contributes to the

omission of the surge-evading switching elements TR7, TR8
shown in FIG. 9.

As seen from the above description, the arc-machining
power supply of the present invention includes a DC circuit
and an 1nverter circuit, where the former converts AC
voltage of the commercial power source into DC voltage,
and the latter receives the converted DC voltage from the
DC circuit. Between the DC circuit and the inverter circuit,
there 1s a power on/ofl switching device for controlling the
power supply from the DC circuit to the inverter circuit.

The mverter circuit comprises two switch pairs (each pair
consisting of two transistors) connected by bridge coupling,
where one switch pair and the other are alternately turned on
and off. According to the present invention, the power on/oil
switching device 1s turned off to terminate the supply of DC
voltage to the mverter circuit from the DC circuit before any
one of the switch pairs are changed from the on-state to the
ofl-state. In this manners a turn-oil loss at the switch pairs
can be substantially zero. With the minimized turn-off loss,
the operation frequency of the mverter circuit can be much
higher than 1s conventionally possible, which enables the
downsizing of the cooling system for the mverter’s switch

pairs and the downsizing of the main transformer.

With the incorporation of the power on/off switch
between the DC circuit and the inverter circuit, the arc-
machining power supply of the present mnvention may incur
an additional saturation loss caused by the power on/oif
switch. It should be noted, however, that the additional
saturation loss 1s a mere trifle 1n the presence of the
significant reduction in the turn-off loss at the switch pairs
ol the nverter circuit.

The present invention being thus described, 1t 1s obvious
that the same may be varied 1n many ways. Such variations
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are not to be regarded as a departure from the spirit and
scope of the present invention, and all such modifications as
would be obvious to those skilled 1in the art are intended to
be included within the scope of the following claims.

We claim:

1. An arc-machining power supply comprising:

a DC circuit that outputs DC voltage;

an inverter circuit that includes a pair of first and fourth
switching elements and another pair of second and third
switching elements, the first to the fourth switching
clements being connected to form a bridge circuit for
converting the DC voltage to high-frequency AC volt-
age;

a transformer that converts the high-frequency AC voltage
to a voltage suitable for a desired arc-machining pro-
CESS;

a rectifier circuit that rectifies the voltage converted by the
transtformer for output of DC voltage;

a power on/oll device arranged between the DC circuit
and the inverter circuit for controlling an output from
the DC circuit to the inverter circuit;

an auxiliary capacitor for turning on the power on/off
device when mput voltage to the power on/ofl device 1s
substantially equal to output voltage from the power
on/off device;

an output control circuit that supplies first and second
output control signals for performing required feedback
control, the first output control signal being oflset from
the second output control signal by half a cycle;

a power on/oil driver that turns on the power on/oil device
when the first output control signal changes to a high
level, and turns ofl the power on/ofl device when the
first output control signal changes to a low level; and

an inverter driver that turns on the first and the fourth
switching elements when the first output control signal
changes to the high level, and turns ofl the first and the
fourth switching elements when the first output control
signal changes to the low level and a predetermined
capacitor discharge period elapses, the iverter driver
being also arranged to turn on the second and the third
switching elements when the second output control
signal changes to a high level, and turn ofl the second
and the third switching elements when the second
output control signal changes to a low level and a
predetermined capacitor discharge period elapses.

2. The power supply according to claim 1, wherein the
power on/ofl driver further turns on the power on/ofl device
when the second output control signal changes to a high
level, and also turns ofl the power on/off device when the
second output control signal changes to a low level.

3. The power supply according to claim 1, further com-
prising a smoothing circuit that includes first and second
smoothing capacitors of a same capacitance which are
connected 1n series, the smoothing circuit being connected
in parallel to the DC circuit, wherein the power on/oil device
includes a first power on/ofl switch and a second power
on/off switch, the first power on/oil switch being arranged
between a plus side of the DC circuit and a plus side of the
iverter circuit for controlling the output of the DC circuat,
the second power on/ofl switch being arranged between a
minus side of the DC circuit and a minus side of the mnverter
circuit for controlling the output of the DC circuait.

4. The power supply according to claim 3, further com-
prising two diodes, wherein one of the two diodes 1s
arranged between a middle point of the smoothing circuit

and an emitter side of the first power on/ofl switch, the other
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of the two diodes being arranged between the middle point
of the smoothing circuit and a collector side of the second
power on/ofl switch.

5. The power supply according to claim 3, further com-
prising first and second surge return switches, wherein the
first surge return switch 1s arranged between a middle point
of the smoothing circuit and an emitter side of the first power
on/ofl switch for conducting a surge voltage to the smooth-
ing circuit, the surge voltage occurring when the first and the
fourth switching elements are turned ofl, and wherein the
second surge return switch 1s arranged between the middle
point of the smoothing circuit and a collector side of the
second power on/ofl switch for conducting another surge
voltage to the smoothing circuit, said another surge voltage
occurring when the second and the third switching elements
are turned ofl.

6. The power supply according to claim 3, wherein the
power on/ofl driver turns on the first power on/ofl switch
when the first output control signal changes to a high level,
while also turning on the second power on/ofl switch when
the second output control signal changes to a high level, and
wherein the power on/ofl driver turns off the first power
on/ofl switch when the first output control signal changes to
a low level, while also turning ofl the second power on/off
switch when the second output control signal changes to a
low level.

7. The power supply according to claim 5, wherein the
inverter driver turns on the first surge return switch when the
first output control signal changes to a low level and the
capacitor discharge period elapses, the turned-on first surge
return switch being turned off after a predetermined length
of time, and wherein the 1inverter driver further turns on the
second surge return switch when the second output control
signal changes to a low level and the capacitor discharge
period elapses, the turned-on second surge return switch
being turned ofl after a predetermined length of time.

8. The power supply according to claim 1, wherein the
capacitor discharge period has a start point and an end point,
the start point being defined as a point of time when either
of the first and the second output control signals changes to
a low level, the end pomt being defined as a point of time

10

15

20

25

30

35

40

16

when an output discharge from the auxiliary capacitor
becomes smaller than a predetermined threshold.

9. A power supply comprising:

a DC circuit that outputs DC voltage;

an inverter circuit that includes a pair of first and fourth
switching elements and another pair of second and
third switching elements, the first to the fourth switch-
ing elements being connected to form a bridge circuit
for converting the DC voltage to high-frequency AC
voltage;

a power output circuit for converting the AC voltage from
the inverter circuit into an output power;

a power on/off device arranged between the DC circuit
and the inverter circuit for controlling an output from
the DC circuit to the inverter circuit;

an auxiliary capacitor for turning on the power on/off
device when input voltage to the power on/off device is
substantially equal to output voltage from the power

on/off device;

an output control circuit that supplies first and second
output control signals for performing requirved feed-
back control, the first output control signal being offset
from the second output control signal by half a cvcle;

a power on/off driver that turns on the power on/off device
when the first output control signal changes to a high
level, and turns off the power on/off device when the
first output control signal changes to a low level; and

an inverter, driver that turns on the first and the fourth
switching elements when the first output control signal
changes to the high level, and turns off the first and the
Jourth switching elements when the first output control
signal changes to the low level and a predetermined
capacitor discharge period elapses, the inverter driver
being also arranged to turn on the second and the thivd
switching elements when the second output contvol
signal changes to a high level, and turn off the second
and the third switching elements when the second
output control signal changes to a low level and a
predetermined capacitor discharge period elapses.
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