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(57) ABSTRACT

A heating current used to inductively heat a metallic or mag-
netic work-piece 1s generated by an inverter supplied by a
supply voltage. The inverter includes four switching ele-
ments arranged 1 an H-bridge circuit having two parallel
longitudinal branches and a transverse branch. The switches
are controlled so the heating current flows through the trans-
verse branch. The diagonally opposed switching elements
are switched from a conductive to a non-conductive state 1n a
temporally staggered manner.

19 Claims, 4 Drawing Sheets
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METHOD AND DEVICE FOR PRODUCING
AN ELECTRIC HEATING CURRENT,
PARTICULARLY FOR INDUCTIVE HEATING
OF A WORKPIECE

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

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a Re-issue of U.S. Pat. No. 7,375,986,
issued on May 20, 2008 which is a continuation of Interna-
tional Application No. PCT/EP2005/001662, filed Feb. 18,

20035, which claims priority to German Patent Application
DE 10 2004 010 331.3, filed Feb. 25, 2004. The disclosures

of the above apphcatlons are 1nc0rp0rated herein by refer-
ence.

FIELD

The present invention concerns a method for producing an
clectric heating current, i particular for inductive heating of
a metallic or magnetic workpiece, wherein the heating cur-
rent 1s produced from a supply voltage on the mput side
using an inverter, wherein the inverter has four controllable
switching elements that are arranged with respect to one
another 1n an H-bridge circuit with two parallel longitudinal
branches and one transverse branch, and wherein pairs of
switching elements located diagonally opposite one another
in the H-bridge circuit are driven such that the heating cur-
rent flows through the transverse branch.

The mvention further concerns a device for producing an
clectric heating current having an 1mnput for providing a sup-
ply voltage, having an inverter that has four controllable
switching elements that are arranged with respect to one
another 1n an H-bridge circuit with two parallel longitudinal
branches and one transverse branch, and having a drive cir-
cuit that 1s designed to drive pairs of switching elements
located diagonally opposite one another 1n the H-bridge cir-
cuit such that the heating current flows through the trans-
verse branch.

BACKGROUND

Such a method and a suitable device are known from CH
664,660 AS. The known device has been used 1n practice for
many years to inductively heat metallic or magnetic work-
pieces. In addition, it generally can also be used for resistive
heating of workpieces. In the case of inductive heating, the
heating current tlows through an inductance arranged 1n the
transverse branch of the H-bridge circuit, called the inductor.
The heating current produces an alternating magnetic field 1in
the inductor, which gives rise to induced currents in the
workpiece to be heated (either directly or by means of an
intermediate transformer). These induced currents cause
heating as a result of the ohmic losses in the workpiece. By
contrast, in the case of resistive heating the heating current
would be passed directly through the workpiece.

The speed and the degree of heating can be adjusted selec-
tively using the verter. This 1s typically accomplished by
pulse-width modulation and/or frequency modulation of the
heating current. In other words, the pulse/space ratio and/or
the frequency of current pulses in the transverse branch of
the 1inverter are varied 1n this way.

To achieve this, the four switching elements of the inverter
are switched on and off again in groups, wherein the switch-
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ing elements diagonally opposite one another are switched
simultaneously in each case. The resulting currents are
described below using FIGS. 3 and 4 to better elucidate the

invention.

Another generic arrangement 1s known from DE 195 27
827 C2, wherein the mverter 1s represented only symboli-
cally 1in this document. In order to achieve ellective
operation, this document proposes compensating the reac-
tive power that arises in the vicinity of the inductor 1 a
capacitance placed ahead of the 1inverter. Specifically, 1n this
case the purpose 1s to transier to the capacitor the energy that
1s stored 1n the inductor when the 1nverter 1s commutated,
since the current through the inductor cannot abruptly
change (*yump”) when the switching elements are commu-
tated. Accordingly, the size of the capacitance should be
based on the amount of energy to be absorbed (called reac-
tive power 1 DE 195 27 827 C2), wherein a large capaci-
tance on the order of 1 to 15 mF 1s proposed.

The frequencies at which the heating current 1s commu-
tated 1n the inductor can be 1n the range of 50 Hz to 100
KHz, for example. Accordingly, it 1s not only necessary for
the upstream compensation capacitor to be adequately rated
with regard to 1ts size, but 1t must also be suitable for HF use.
Suitable capacitors are quite expensive.

Another problem with the known circuit 1s that the switch-
ing elements 1n the inverter can be destroyed 11 the compen-
sation capacitor 1s not adequately rated. The risk of destruc-
tion arises 1n particular when the heating circuit 1s operated
with no load, 1.e. without a workpiece to be heated. Acciden-
tally turning on the heating circuit without a workpiece can
thus lead to destruction of the switching elements i the
inverter under unfavorable conditions.

A third problem with the known arrangement 1s high fre-
quency interference, which can arise through abrupt com-
mutation of the switching elements 1 the mverter and can
feed back into the imput-side line voltage. In view of the
increasingly stringent requirements with respect to electro-
magnetic compatibility (EMC), expensive filter circuits on
the line input side are needed to suppress this interference.

SUMMARY

With this 1n mind, one object of the present invention 1s to
specily a method and a device of the aforementioned type
that solves said problems i1n a cost-effective manner. In
particular, the new method and the corresponding device
should permit reliable operation independent of the load
state of the heating circuit, and, 1n so doing, generate as little
HF interference as possible.

This object 1s attained 1n one aspect of the invention by a
method of the above-mentioned type wherein the switching
clements diagonally opposite one another are switched from
the conducting to the non-conducting state at staggered
times from one another. Another aspect of this object 1s
attained by a device of the above-mentioned type wherein
the drive circuit additionally 1s designed such that 1t switches
the diagonally opposite switching elements from the con-
ducting to the non-conducting state at staggered times.

The present invention differs from the approach practiced
to date, 1n which the diagonally opposite switching elements
of the H-bridge circuit are switched on and off at the same
time. As 1s demonstrated below with a detailed analysis, the
simultaneous turnoil of diagonally opposite switching ele-
ments has the consequence that at commutation the current
flowing in the branch of the compensation capacitor experi-
ences a reversal of direction with an extremely steep switch-
ing transition (dl/dt on the order of up to 1000 A/us). This
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abrupt current reversal 1s a primary cause of the high fre-
quency interference mentioned, which necessitates corre-
spondingly expensive filter circuits on the line mput side. As
a result of the fact that diagonally opposite switching ele-
ments are switched off at staggered times 1n accordance with
the present invention, which is to say one after the other, the
degree of the current reversal 1s mitigated. In a preferred
application, the diagonally opposite switching elements are
driven at staggered times with respect to one another such
that essentially no current reversal arises at the compensa-
tion capacitor. Accordingly, the filter circuits for suppressing,
clectromagnetic interference can be simpler and thus less
expensive.

Another advantage of the novel switching behavior 1s that
little or none of the energy in the inductor 1s transierred to
the compensation capacitor, specifically as a function of the
length of time by which the switch-oil of diagonally oppo-
site switching elements 1s staggered. As a result, the com-
pensation capacitor can be rated significantly smaller with-
out the rnisk of destroying the switching elements in the
inverter under unfavorable operating conditions (no-load
operation of the inductor). The use of a smaller capacitor at
this point permits further cost reductions, although 1t may
nevertheless be advisable to use a larger capacitor for other
reasons. These other reasons 1nclude, 1 particular, leveling
out line voltage variations that frequently arise 1n harsh pro-
duction environments, such as automotive body manufac-
ture. However, such line voltage variations can also be lev-
cled out by an appropriately rated capacitance in another
location, so the present invention offers a larger range of
options for designing the heating circuit. In particular, the
invention makes 1t possible to implement the large capaci-
tance for leveling out line voltage variations as an electro-
lytic capacitor while using a smaller, HF -rated foil capacitor
tor the compensation capacitor.

Thus, on the whole the new switching behavior makes 1t
possible to achieve reliable operation with less electromag-
netic interference in an inexpensive manner. Hence, the
alforementioned object 1s attained fully.

In a preferred embodiment of the imnvention, the diago-
nally opposite switching elements are switched simulta-
neously from the non-conducting state to the conducting
state.

This design corresponds in principle to the turn-on
method that has been practiced heretofore wherein diago-
nally opposite switching elements are switched on simulta-
neously. It 1s self-evident that the term “simultaneously”™
here means “essentially simultaneously,” since absolutely
exact simultaneity cannot be ensured 1n practice.

In conjunction with the present invention, this design has
the advantage that the “new” current direction through the
inductor 1s available after commutation without additional
delay. This offers a larger range of design options and thus
increased tlexibility with respect to the staggered timing of
the switching processes when switching off the other diago-
nally opposite switching element. In other words, with this
design the overall time required for commutation 1s
expended almost exclusively in overcoming the problems
identified above. Moreover, control system complexity is
reduced 1n this embodiment of the invention.

In another embodiment, one set of diagonally opposite
switching elements (which 1s to say the first set) 1s not
switched to the conducting state until after the other diago-
nally opposite switching elements (the second set) are
switched from the conducting state to the non-conducting
state.
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In principle, 1t would also be possible to deviate from this
method and interleave the switch-on and switch-off of the
switching elements 1n a time sequence. In comparison, the
present mnvention has the advantage that a maximum heating
current always flows 1n the transverse branch of the inverter,
accelerating the heating of the workpiece.

In another embodiment, first one of the diagonally oppo-
site switching elements 1s switched to the non-conducting
state to start with, and the second diagonally opposite

switching element 1s subsequently switched to the non-
conducting state as a function of the heating current in the
transverse branch. In this embodiment, the staggered timing
in switching oif the diagonally opposite switching elements
1s not determined arbitrarily, empirically, or as a predeter-
mined fixed value, but instead 1s derived from the present
value of the heating current in the transverse branch. As 1s
demonstrated below 1n the explanation of the preferred
example embodiments, the heating circuit 1s electrically 1so-
lated from the rest of the circuit after the first diagonal
switching element 1s turned off. The value of the heating
current 1n this case 1s determined largely by the inductor’s
inductance and by the load to be heated. The heating current
itself results primarily from the energy stored 1n the inductor.
The optimal time to switch off the second diagonal switch-
ing element can be determined by measuring the decaying
heating current. More particularly, a very finely adjustable
control of the heating current can be implemented 1n this
embodiment.

In another embodiment, the heating current in the trans-
verse branch 1s passed through a consumer, in particular an
inductor, and the second of the diagonally opposite switch-
ing elements 1s switched to the non-conducting state as a
function of a voltage across the consumer. This embodiment
provides a second control parameter that can be used to
determine the time offset for switchoil of the diagonal
switching elements. An optimal switching time can also be
determined using the voltage present at the consumer. It 1s
especially preferred for the time offset to be determined on
the basis of both the heating current and the voltage present
at the consumer, since a particularly exact and flexible con-
trol 1s possible 1n this case.

In another embodiment, the H-bridge circuit 1s supplied
from a first capacitor arranged in parallel to the switching
clements, and the heating current 1s passed through an induc-
tance in the transverse branch. This embodiment 1s espe-
cially suitable for inductive heating of the workpiece.
Alternatively, however, the arrangement according to the
invention can generally also be used for resistive heating.
The advantages described above are particularly usetful 1n
inductive heating, however, since the inductance arranged 1n
the transverse branch in this application prevents an abrupt
current reversal 1n the transverse branch and hence gives rise
to the problems mentioned above.

In another embodiment, the diagonally opposite switching,
clements are switched to the non-conducting state with stag-
gered timing such that a maximum of 20% of the energy
stored 1n the inductance, and preferably a maximum of 10%,
1s transterred to the capacitor. In general 1t 1s preferable 1f the
energy in the transverse branch of the mverter need not be
transierred to the compensation capacitor at all, since no
current reversal occurs at the compensation capacitor in this
case. In addition, 1n this case all of the energy 1s available for
heating the workpiece. Since the current through the induc-
tor decays exponentially, however, it can be advantageous
for a flexible and rapid control method to accept a certain
amount of current reversal at the compensation capacitor. In
order to avoid the above-mentioned problems effectively, the
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threshold value specified here has proven to be a practical
solution without the necessity for precisely maintaining the
threshold value. It 1s far more important for the compensa-
tion capacitor to remain adequately far from 1ts maximum
state of charge during the (accepted or tolerated) transfer of
energy 1n order to reliably prevent destruction of the switch-
ing elements 1n the iverter.

In another embodiment, the diagonally opposite switching,
clements are switched to the non-conducting state with stag-
gered timing such that a current through the capacitor 1n a
first conduction direction 1s sigmficantly larger than in the
opposite direction. The current in the opposite direction 1s
preferably a maximum of 20%, better yet a maximum of
10%, of the current 1n the primary direction. This embodi-
ment 1s another criterion for achieving the optimal time off-
set 1n switching off the diagonal switching elements. In this
regard this embodiment offers the advantage that the speci-
fied design parameters can be acquired very easily so that the
desired time oflset can be set easily.

In another embodiment of the mvention, the supply volt-
age 1s smoothed by a second capacitor, wherein the second
capacitor 1s larger than the first capacitor. This embodiment
builds on the variant described above 1n which a “small”
HF-rated capacitor 1s used for compensation or energy stor-
age during commutation of the inverter, while a larger and
not necessarily HF-rated capacitor serves as a buller capaci-
tor to level out external line fluctuations. This embodiment
has the advantage that the overall costs of the device can be
reduced despite the increased component count.

Although the method described and the new device gener-
ally can also be used for other applications, the preferred
application 1s inductive heating of a metallic and/or mag-
netic workpiece, specifically in the one-sided fastenming of a
metallic stud to a substrate. The novel method 1s most espe-
cially preferred for gluing studs to automotive body compo-
nents. The advantages described above come nto play with
particular effect in this application. It goes without saying,
that the features mentioned above and those described below
can be used not only 1n the combinations specifically
mentioned, but also alone or 1n other combinations, without
departing from the scope of the present invention.

DRAWINGS

Example embodiments of the invention are shown in the
drawings and are explained in detail 1n the description
below. Shown are:

FIG. 1 1s a simplified schematic representation of a robot
that attaches a metallic bolt to a plate using the novel
method;

FIG. 2 1s a sitmplified block diagram of the device accord-
ing to the mvention;

FIG. 3 1s the electrical schematic diagram of a generic
device for inductive heating of metallic workpieces;

FI1G. 4 provides selected current and voltage curves 1n the
device from FIG. 3;

FIG. 5 1s the electrical schematic diagram of a device
preferred according to the imnvention for inductive heating of
workpieces;

FIG. 6 provides selected current and voltage curves 1n the
device from FIG. 5;

FI1G. 7 provides selected current and voltage curves 1n the
device from FIG. 5 1n an alternate mode of operation; and

FIG. 8 1s a schematic representation of the switching
sequences for the switching elements in the device from

FIG. 5.
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0
DETAILED DESCRIPTION

FIG. 1 shows a simplified representation of a robot 10 that
glues a bolt 12 to a plate 14. The robot 10 has a gripper
mechanism 16 that holds the stud 12. Also located in the
gripper mechanism 16 1s a device according to the mvention
for heating the stud (not shown here). The stud 12 has at 1ts
bottom a flange 18, and a glue 20 1s applied to the underside
thereof. The glue 20 hardens through heating, so that the
robot 10 can fasten the stud 12 to the plate 14 by controlled
thermal heating. In general, however, the invention 1s not
restricted to this preferred application.

In FIG. 2, a device according to the invention for heating
the stud 12 1s labeled overall with the retference number 24.
The device 24 has an input 26 for providing a supply voltage.
In the preferred applications this 1s a three-phase supply
voltage, which 1s why the mput 26 1s shown here with three
connections. The provided supply voltage 1s rectified and
smoothed here by a rectifier 28. Hence, a smoothed DC volt-
age 1s present at the inverter 30 that follows. The 1nverter 30
produces from the supplied DC voltage a time-varying heat-
ing voltage, which in the preferred example embodiment
flows through an induction coil 32. The induction coil 32
surrounds the shank of the metallic stud 12 so that the stud
12 1s inductively heated by the heating current.

The arrangement 1n FIG. 2 1s shown 1n simplified form. In
general, the induction coil 32 could also be connected to the
iverter 30 through a transformer that 1s not shown here.
However, the present invention 1s independent of whether or
not such a transformer 1s used.

The reference number 34 identifies a drive circuit that
controls switching elements (not shown here) in the mverter
30 1in the manner described below. The manner of control
determines the wavelform of the heating current in the induc-
tion coil 32, and thus the thermal heating of the stud 12. In
the preferred example embodiment shown here, the drive
circuit 34 receives measured signals from a current sensor 36
and a voltage sensor 38, which can be used to determine the
heating current through the induction coil 32 and the voltage
across the induction coil 32. The drive circuit 34 uses the
measured values receiwved to determine the time offset in
switching off diagonally opposite switching elements 1n the
iverter 30 (as described below). Alternatively, the drive cir-
cuit 34 could also be provided with preset, fixed delay times
so that the current sensor 36 and the voltage sensor 38 could
be omitted 1n this case. Moreover, the current sensor 36 and
the voltage sensor 38 can also be used as alternatives to one
another 1n other example embodiments.

FIG. 3 shows the circuit design of a generic arrangement
on which the present invention 1s based. The line side 1nput
voltage 1s represented 1n FIG. 3 as a voltage source EN and
an (internal) resistance RN. A diode DN symbolizes the rec-
tifier 28. The voltage source EN, resistance RN, and diode
DN are connected 1n series and provide the operating voltage
tfor the drive circuit described below.

The drive circuit consists primarily of the mverter 30,
which here contains four controllable switching elements
(typically transistors) 1n an H-bridge arrangement. The four
switching elements S_ P1, S_ N1, S_ N2 and S_ P2 are
arranged 1n the four end branches of the H-bridge circuat.
The switching elements S_ P1 and S_ N2 are connected 1n
series 1n the first longitudinal branch 42, while the switching
elements S N1 and S P2, connected 1n series, form the
second longitudinal branch 44.

Arranged anti-parallel to each switching element 1s a free-
wheel diode oriented 1n the blocking direction, wherein the

labels D P1,D NI1,D N2 and D P2 are chosen to corre-
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spond to the labels of the relevant switching elements.
Located 1n the transverse branch 46 of the H-bridge circuit
are an inductance L1 and a resistance R1 that symbolizes the
ohmic losses. In addition, a series circuit consisting of a
compensation capacitor C__ ZK and a loss resistance R_ ZK

1s arranged in parallel to the two longitudinal branches 42,
44 of the H-bridge circuait.

In this arrangement that 1s known per se, each pair of
diagonally opposite switching elements S_ P1, S_ P2 or
S N1,S N2 is switched on and off at the same time, where
only one diagonal branch 1s conducting while the other 1s
blocking. This has the result that a current tflows through the
transverse branch 46 of the H-bridge circuit. In order to ana-
lyze the switching behavior, the assumed starting condition
below 1s that a current passes along the dot-and-dash line 50,
namely from the capacitor C__ ZK through the resistance
R_ 7K, the switching element S_ P1, the inductance L1, the
resistance R1, and the switching element S_ P2. This current
flows clockwise through the components listed, where the
switching elements S_ P1, S_ P2 are accordingly switched
to the conducting state, while the switching elements S_ N1
and S_ N2 are 1n the non-conducting state.

If the switching elements S_ P1, S_ P2 are now simulta-
neously switched offl

, 1.e. placed i their non-conducting
state, a current path according to the dashed line 52 results.
Since the current at the inductance L1 cannot jump, the
inductance L1 drives the current through the freewheel diode
D_ N1 and the resistance R__ ZK to the compensation
capacitor C_ ZK. From there, 1t passes through the free-
wheel diode D__ N2 back to the inductance L1. As can be
seen Irom the arrows, switching oif the switching elements
S_P1, S_ P2 thus causes an abrupt current reversal 1n the
branch of the compensation capacitor C__ 7K.

The current wavetorm at the capacitor C__ZK 1s shown in
FIG. 4 (curve with squares). It can be seen that the current
jumps abruptly from 1ts maximum negative value to 1ts
maximum positive value (specifically, when the switching
clements S_ P1, S_ P2 are switched oil). The capacitor is
then recharged according to the usual exponential function.
The voltage curve at the capacitor C_ ZK has a sawtooth
wavelorm. Nonetheless, the abrupt current reversal causes
strong HF interference that must be suppressed by suitable
filtering means. Moreover, 1n this application the capacitor
C_ 7ZK must be rated such that i1t can store all of the energy
stored 1n the inductance L1 during recharge.

After the diagonally opposite switching elements S_ N1
and S__ N2 are switched on, the current passes along the path
indicated by the line 54. When the switching elements
S__ N1 and S__ N2 are switched off, another abrupt current
reversal takes place at the capacitor C__ 7K.

FIG. 5 shows a similar circuit design, but one wherein the
iverter 1s driven according to the novel method. For the
purpose of discussion, the same initial conditions are
assumed, namely a current from the capacitor C_7ZK
through the resistance R__ ZK, the switching element S_ P1,
the inductance L1, the resistance R1, and the switching ele-
ment S_P2. If the switching element S__P1 1s now switched
off, but not switching element S_ P2, the current induced 1n
L1 passes through the resistance R1, the (closed) switching
element S P2 and the freewheel diode D N2, as 1s indi-
cated by the line 56. The lower circuit of the H-bridge circuit
1s thus decoupled from the rest of the circuit. No current
reversal takes place at the capacitor C__ZK. Only when the
energy stored in the induction coil L1 1s largely dissipated i1s
the switching element S_ P2 also opened, and almost simul-
taneously to this the switching elements S_ N1 and S_ N2
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are closed. This permits a renewed passage of current from
the capacitor C__ZK through the switching elements S_ N1
and S_ N2 into the transverse branch of the H-bridge circuat,

as indicated by the line 54.

The corresponding current and voltage wavetorms at the
capacitor C__ZK are shown 1n FIG. 6. When the first switch-
ing element S_ P1 1n the diagonal branch 1s switched off, the
current at capacitor C__ZK jumps to zero. Not until the sec-
ond diagonal switching element S_ P2 1s switched off and
the other two diagonal switching elements S_ N1 and S_ N2
are switched on does current again pass through the
capacitor, but in the same direction as before.

FIG. 7 shows a current wavetorm for a smaller time offset
T between the switch-off processes. The current through the
capacitor C__ZK jumps to zero when the first diagonal
switching element S_ P1 1s switched off. Since the energy
from the inductance L1 has not yet fully dissipated 1n this
instance, the current in the branch of the capacitor C_ ZK
jumps 1n the opposite direction when the second switching
clement S_ P2 1s switched off, but to a lesser degree than 1n
the generic method. In the present case, the current in the
opposite direction 1s only approximately 10% (or less) of the
maximum current in the primary direction.

FIG. 8 once more shows the switching waveforms for the
four switching elements symbolically. A waveform 60
shows when the switching element S_ P1 1s switched on and
off. Wavelorm 62 corresponds to switching element S_ P2,
wavetorm 64 to switching clement S_ N1, and wavetform 66
to switching element S_ N2. The respective diagonally
opposite switching elements S_P1, S_ P2 and S_ N1,
SN2 are switched on and off as groups, where m each
group one ol the switching elements remains switched on
longer than the other by the time offset T. The new diagonal
group 1s switched on immediately atiter the second switching
clement of the other group has been switched off.

Based on the novel switching behavior, the capacitor
C__ 7K 1n the circuit arrangement of FIG. 5 can be rated
smaller. An additional capacitor 70 1s provided in the pre-
ferred example embodiment from FIG. § so that the line
voltage fluctuations that frequently arise in harsh production
environments can still be leveled out. The capacitor 70 can
be located before or after the diode DN, but 1n any case in
parallel to the switching elements.

What 1s claimed 1s:

1. A device for producing an electric heating current, com-
prising:

an input for providing a supply voltage;

an inverter having four controllable switching elements

arranged with respect to one another 1n an H-bridge
circuit having two parallel longitudinal branches and
one transverse branch;

a drive circuit operable to drive diagonally opposite pairs
of the switching elements in the H-bridge circuit such
that the heating current flows through the transverse
branch; and

a series circuit having a compensation capacitor and a loss
resistance arranged 1n parallel to the two parallel longi-
tudinal branches of the H-bridge circuait;

wherein the drive circuit 1s operable to switch the diago-
nally opposite pairs of the switching elements from a
conducting to a non-conducting state at staggered
times.

2. The device of claim 1, further comprising:
an induction coil operable to preheat a metallic stud;

wherein the induction coil 1s connected to the inverter tor
inductive heating of the stud.
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3. The device of claim 2, further comprising;:
a grip mechanism operable to grip the stud; and

a robot movably connectable to the grip mechanism oper-
able to position the stud for connection of the stud to a

10

9. The device of claim [8] 7, further comprising

first, second, third, and fourth diodes each connected anti-
parallel with the switching elements of the longitudinal
branches;

workpiece. ° a rectifier connected 1n series with the voltage source;

4. The device ot claim 3, further comprising: the compensation capacitor connected 1n parallel to each

a current sensor operable to identily a current tflow of the longitudinal branches operable to store less than
through the induction coil; a maximum current storable by the induction coil; and

wherein a measured value of the current tlow 1s operably {4  a second capacitor connected in parallel to each of the
used by the drive circuit to control switching of the compensation capacitor and the longitudinal branches
switching elements. operable to level out line voltage fluctuations.

5. The device of claim 3, further comprising, 10. The device of claim 9, further comprising:

a voltage sensor operable to 1dentify a voltage across the a grip mechamsm operable to grip the stud; and
induction coil; 15

wherein a measured value of the voltage 1s operably used
by the drive circuit to control switching of the switch-
ing clements.

6. The device of claim 2, further comprising:

first, second, third, and fourth diodes each connected 1n
parallel with a corresponding one of the four control-
lable switching elements;

a voltage source connected to the H-bridge circuit;
a rectifier connected in series with the voltage source;

a robot movably connectable to the grip mechanism oper-
able to position the stud for connection of the stud to a
workpiece.

11. A method for producing an electric heating current, in

particular for inductive heating of a metallic or magnetic

20 workpiece, the method comprising:

producing the heating current from a supply voltage on
the input side using an nverter;

arranging the inverter having first, second, third, and
fourth controllable switching elements in an H-bridge

: : . 2> circuit, the H-bridge circuit having two parallel longitu-
a compensation capacitor connected in parallel to each of dinal branches and one transverse hranch:
the longitudinal branches operable to store less than a _ L , . .
maximum current storable by the induction coil: and arranging a series circuit havmg a compensation capacitor
. . ’ and a loss resistance arranged in parallel to the two
a second capacitor connected in parallel to each of the - - S
compensation capacitor and the longitudinal branches 3Y .pE.lI'ElHEI- longrtudinal braﬂfnches' of the H-bndge cilrcult,,
operable to level out line voltage fluctuations. driving diagonally opposite pairs of the switching ele-
7. A device for producing an electric heating current, in ments in the H-bridge circuit to direct flow of the heat-
particular for inductive heating of a metallic or magnetic g cué'rent i[ll?mlldgh an inductor positioned in the trans-
workpiece, comprising: Verse Dranth, an | |
an inverter having first, second, third, and fourth control- 3 swr[c.hmg first angl seftond ones of the diagonally ‘?PPOSH@
lable switching elements each switchable between a pairs of the SWItCl_lmg elements from a cgnductmg state
conducting and a non-conducting state: to a non-conducting state at staggered times such that
. L . ’ L an inductance of the inductor drives a current throu
an H-bridge circurt including two parallel. longltudln,«_ill the loss resistance to the compensation capacitor. .
branches and a transverse branch connecting the longi- - 15 Tpe method according to claim 11, further comprising

tudinal branches, the first and fourth switching ele-
ments positioned 1n series 1n a first one of the two par-
allel longitudinal branches and the second and third
switching elements positioned 1n series 1n a second one
of the two parallel longitudinal branches;

simultaneously switching both switching elements of a first

one of the diagonally opposite pairs from the conducting
state to the non-conducting state.

13. The method according to claim 12, further comprising

45 delaying switching a second one of the pairs of diagonally

opposite switching elements to the conducting state until

after the diagonally opposite switching elements of the first

one of the diagonally opposite pairs are switched from the

: conducting state to the non-conducting state.
a supply voltage source connected to the mverter on an : : .
. . : . 14. The method according to claims 11, further compris-
input side operable to create the electric heating cur- 50 .

ng:
rent; : : : :
switching the first switching element to the non-

conducting state;

a series circuit having a compensation capacitor and a loss
resistance arranged in parallel to the two parallel longi-
tudinal branches of the H-bridge circuait;

diagonally opposite pairs of the switching elements oper-
able to direct flow of the heating current through the
transverse branch, a first one of the pairs being the first
and second switches and a second one of the pairs being >3
the third and fourth switches; [and]

a drive circuit operable to individually switch the diago-
nally opposite pairs of the switching elements from a
conducting to a non-conducting state at staggered
times,; and

positioning the second switching element diagonally
opposite to the first switching element; and

switching the second switching element to the non-
conducting state after the first switching element as a
function of the heating current 1n the transverse branch.
15. The method according to claims 14, further compris-

60 1.

_ _ _ _ _ determining a voltage across the inductor; and
an induction coil connected to the inverter and operating

to inductively heat a metallic stud.
[8. The device of claim 7, further comprising:

switching the second one of the diagonally opposite
switching elements to the non-conducting state as a
function of the voltage across the inductor.

16. The method according to claim 15, further comprising
switching the diagonally opposite switching elements to the
non-conducting state with staggered timing such that a

an 1nduction coil operable to preheat a metallic stud; 65

wherein the induction coil 1s connected to the inverter and
operable to inductively heat the stud.]
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maximum of 20% of an energy stored in the inductor 1s
transierred to the first capacitor.

17. The method according to claim 135, further comprising
switching the diagonally opposite switching elements to the
non-conducting state with staggered timing such that a
maximum of 10% of an energy stored in the inductor 1s
transierred to the first capacitor.

18. The method according to claim 135, further comprising
switching the diagonally opposite switching elements to the

non-conducting state with staggered timing such that a cur-

rent through the first capacitor 1n a first conduction direction 10

1s larger than in an opposite direction.

19. The method according to claim 135, further compris-
ng:

positioning a second capacitor in parallel with the first

capacitor, wherein the second capacitor 1s larger than 15

the first capacitor; and

smoothing the voltage using the second capacitor.

20. A device for producing an electric heating curvent,
COmprising:
an input for providing a supply voltage;

12

an inverter having four controllable switching elements
arranged with vespect to one another in an H-bridge
circuit having two parallel longitudinal branches and
one transverse branch;

a drive circuit operating to drive diagonally opposite
pairs of the switching elements in the H-bridge circuit

such that the heating curvent flows through the trans-
verse branch;

a series circuit having a compensation capacitor and a
loss vesistance arranged in parallel to the two parallel
longitudinal branches of the H-bridge circuit; and

an induction coil connected to the inverter operating to
preheat a metallic stud;

wherein the drive civcuit operates to switch the diagonally
opposite pairs of the switching elements from a con-
ducting to a non-conducting state at staggeved times.
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