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INDUCTION HEATING APPARATUS FOR STRIP MATERIALS
WITH VARIABLE PARAMETERS

Cross Reference To Related Applications

[0001] This application claims the benefit of U.S. Provisional Application No. 60/757,353, filed
January 9, 2006, hereby incorporated by reference in its entirety.

Field of the Invention

[0002] The present invention relates to electric induction heating of a strip material particularly
in applications where the width of the strip material, or another parameter, changes to alter the

electrical impedance of the load circuit. -
Background of the Invention

[0003] A flexible solenoidal induction coil, when connected to an ac power supply, can be used
to inductively heat a workpiece passing through the coil. The flexible coil is of particular use
when the workpiece has a changing crosss sectional dimension. In this arrangement the coil can
be flexed to maintain a constant distance between the coil and the cross section of the workpiece
presently passing through the coil. For example if the workpiece is a camshaft, irregularly shaped
cams {features of the workpiece) will be spaced apart from each other along the shaft

(workpiece). As the cam shaft passes through the coil for iﬁduction heat treatment, the flexible
ceil can be dynamically changed in shape by attachment to suitable linear motion actuators that
alter the cross sectional sﬁape of the coil, for example, from circular to oval, to conform to the

cross sectional shape of the feature of the workpiece passing through the coil.

[0004] For electric induction heating of a continuous strip material, the strip can be passed
through a solenoidal coil that is powered from ac power source 112 as shown in FIG. 1.
Capacitance of tuning capécitor Crung, impedance of solenoidal coil Lcon and the resistance of
the strip material 90, which is magnetically coupled with the primary power circuit, substantially
comprise the load circuit impedance. For certain applications the coil must accommodate strip
materials of varying width. Rolls of materials having diﬂ’eréﬁt widths may be sequentially fed
through the coil, either as individual rolls, or with consecutive rolls of varying widths welded
together at their ends to pass continuously through the coil. Power induced in the strip material is
substantially equal to the electrical resistance of the material multiplied by the square of the
current supplied to the coil from the ac power supply. As the width of the strip increases, the

resistance of the strip increases. Since applied power is equal to the square of the current
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supplied to the coil multiplied by the resistance of the strip, as the resistance increases and the
supplied current does not change, applied power will linearly increase, as will the product output
rate (that is, weight of the strip material heated per unit time measure, for example, in Tons (T)
per hour (hr)) as graphically illustrated in FIG. 2(a). In some applications theré is a desire to
maintain the product output rate at a constant value after a particular level of applied power is
reached. As illustrated in FIG. 2(b), between increasing strip widths w, and w,, product output
rate (power) increases linearly from y; to y,. If the width of the strip further increases, the output
level remains constant at y,. To keep the output rate constant, load resistance must be kept

constant.

[0005] One object of the present invention is to selectively achieve a constant rate of production
of inductivciy heated strip materials having different widths when the width of the strip changes
by changing the distance between the strip and a solenoidal coil used to inductively heat the strip
while keeping the load circuit operating at substantially resonant frequency by modulating the

output frequency of the power supply providing power to the load circuit.

[0006] Another object of the present invention is to selectively achieve a constant rate of
production of inductively heated strip materials having one or more different parameters that

affect the electrical impedance of the inductive heating circuit by changing the distance between

. the strip and a solenoidal coil used to inductively heat the strip while keeping the load circuit

operating at substantially resonant frequency by modulating the output frequency of the power

supply providing power to the inductive heating circuit.
Brief Summary of the Invention

[0007] In one aspect the present invention is an apparatus and method of inductively heat
treating strips when at least one parameter of the strips changes to change the impedance of the
inductive load heating circuit. The apparatus comprises an ac power supply providing power to
the load circuit. The load circuit comprises a cz'ipacitivev clement, a solenoidal induction coil
having at least one flexible section, and at least one means for moving the at least one flexible
section of the coil. A strip moves through the coil so that the strip is magnetically couple& with
the load circuit. As the strip moves through the coil, the at least one flexible section of the coil is
moved to change the load impedance. The output of the power supply is frequency modulated to
change the output freciuency as the at least one flexible coil section is moved so that the load

circuit continues to operate at substantially resonant frequency.
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[0008] Other aspects of the invention are set forth in this specification and the appended claims.
Brief Déscription of the Drawings

[0009] The foregoing brief summary, as well as the following detailed description of the
invention, is better understoc;d when read in conjunction with the appended drawings. For the
purpose of illustrating the invention, there is shown in the drawings exemplary forms of the
invention that are presently pf,cferred; however, the invention is not limited to the specific

arrangements and instrumentalities disclosed in the following appénded drawings:

[0010] FIG.1 is a prior art apparatus for induction heating of a strip material.

[0011] FIG. 2(a) graphically illustrates the increase in applied induction power and rate of

production of inductively heated strip material with the prior art apparatus as the width of the

heated sirip increases.

[0012] FIG. 2(b) graphically illustrates the increase in applied induction power, and rate of
production of inductively heated strip material, as the width of the heated strip increases to a
selected value, and is then maintﬁned ata c(.)nstaht applied induction power and rate of
production over a range of further increasing strip widths with the induction heating apparatus of

the present invention.

[0013] FIG. 3 is a cross sectional view of one example of the induction heating apparatus of the

present invention used to inductively heat a strip having a first width, w;.

[0014] FIG. 4 is a cross sectional view of one example of the induction heating apparatus of the
present invention used to inductively heat a strip having a second width, w3, which is greater than
the width of the strip in FIG. 3, prior to adjustment of one or more flexible sections of the

induction coil.

[OGISj FIG. 5 is a cross sectional view of one example of the induction heating apparatus of the
present invention used to inductively heat a strip having the second width, and after adjustment of
the one or more flexible sections of the induction coil to reduce the resistance of the primary load

circuit.
Detailed Description of the Invention

[0016] Referring now to the drawings, wherein like numerals indicate like elements, there is

shown in FIG. 3 through FIG. 5 one example of the induction heating apparatus of the present
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invention. In FIG. 3 power supply 12 supplies ac power to solenoidal induction coil 14.

Strip 16a (shown in dashed outline) passes through the coil and is heated by electric induction
when ac current from the power supply flows through the coil to establish a magnetic field that
couples with the strip. A means for moving the one or more sections of the coil is provided so
that the distance between at least one of the surfaces of the strip and the one or more coil
sections, for example, d, in FIG. 3, can be selectively changed. The means for moving the one or
more coil sections may comprise a manual mechanism, an actuator 20, as shown in the figures, or
other suitable device. The actuator may be, for example, an electrically or hydraulically powered

linear actuator.

[0017] Power supply 12 outputs variable frequency ac power and can be an ac inverter fed from
a dc rectifier having an input from utility power. Tuning capacitor 18 forms a resonant load
circuit with éolcnoidal coil 14 and the éq'ui’valent electrical impedance of strip 16a by magnetic
coupling with the primary load circuit. The output frequency of the power supply is selected so
tflat the load circuit comprising the tuning capacitor, the induction coil and impedance of the strip
reflected into the load circuit by magnetic coupling, which, in combination, is referred to as

combined load impedance Zn.q4, Operates substantially at resonant frequency.

[0018] In FIG. 3, strip 16a having width w;, is inductively heated with the coil in a first position
as shown in the figure. This physical configuration results in a first load circuit impedance, Zioaa1,
which requires the power supply to operate with an output frequency, f1, so that the load circuit is

operating substantially at resonance.

[0019] In FIG. 4, strip 16b having width ws, which is greater than width w;, of strip 16a in
FIG. 3, is inductively heated by passing the strip .through coil 14. If the tuning capacitance and
inductance of the coil in the load circuit remain the same, load circuit impedance will change to a

second value of load circuit impedance, Zy,,4, since the impedance of the strip reflected into the

‘primary load circuit by magnétic coupling increases. If the output current of the power supply

remains the same, applied power, as graphically shown in FIG. 2(a), will continue to increase, as

will the rate of production of the strip.

[0020] With the induction heating apparatus of the present invention, as shown in FIG. 5,

‘actuators 20 are used to move one or more sections of coil 14 to a second position that is farther

away (distance dz) from a surface of the strip than distance d, in FIG. 3, which will reduce the
impedance of the strip reflected into the primary load circuit by magnetic coupling. With suitable

movement of the coil and change (modulation) in output frequency of the power supply, applied
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power and rate of production, can be maintained constant, for example, between strip widths wa
and w; as graphically shown in FIG. 2(b). For example, with the induction heating device of the

present invention, the output frequency of power supply 12 can be changed to f;, which is the

. resonant frequency with the coil in the position shown in FIG. 5.

[0021] Suitable feedback means, such as but not limited to, sensing of the actual positioﬁ of the

coil, or electrical sensing of instantaneous load power, can be used to adjust the output frequency

of the powér supply so that the load circuit is powered at resonant frequency as the position of the
coii changes. A processing system comprising a computer executing a program to control the
applied power to the load circuit may be used with suitable input and output devices to control
the movement of the coil and output frequency of the power supply as the width of the strip

changes.

[0022] In the above examples of the invention, changing of the width of the strip represents one

" parameter that will change the electrical imbedance of the load circuit when the parameter

changes. Other such parameters are, for example, the composition of the strip material and the
composition of any coating on the strip as it passes through the solenoidal coil. In other
examples of the invention, the induction heating apparatus of the present invention may be used
to increase and decrease the applied power and rate of production of inductively heated strip as
one or more of such parameters changes over a range by changing the position of the coil and

modulating the output frequency of the power supply as described above.

J0023] Solenoidal coil 14 may comprise a singular coil that is flexible for movement between

‘positions. In other examples of the invention the coil may comprise a number of sections, one or

more of which may be flexible with means for moving the flexible coil section from one position
to another. Coil 14 may comprise other arrangements, such as but not limited to, multiple coils,

so long as at least one section of a coil can be moved to change the load ifnpedance. While the

above non-limiting example of the invention illustrates moving opposing coil sections, other

examples of the invention include arrangements with one or more moveable coil sections not

necessarily symmetrically arranged about the strip.

[0024] The above examples of the invention have been provided merely for the purpose of
explanation and are in no way to be construed as limiting of the present invention. While the
invention has been described with reference to various embodinients, the words used herein are
words of description and illustration, rather than words of limitations. Although the invention

has been described herein with reference to particular means, materials and embodiments, the
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invention is not intended to be limited to the particulars disclosed herein.; rather, the invention
extends to all functionally equivalent structures, methods and uses, such as are within the scope
of the appended claims. Those skilled in the art, having the benefit of the teachings of this
specification, may effect numerous modifications thereto, and changes may be made without

departing from the scope and spirit of the invention in its aspects.
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CLAIMS

1. An induction heating apparatus for inductively heating a strip, the apparatus comprising an ac
power supply providing power to a load circuit comprising a capacitive element, a solenoidal
induction coil, and the strip moving through the coil, the strip magnetically coupled with the load
circuit by the magnetic field established by the flow of ac current through the solenoidal
induction coil,

the improvement comprising,

a means for mbving at least one or more sections of the solenoidal coil to selectively change the
electrical impedance of the load circuit when one Or more parameters of the strip changes, and

a means for modulating the output frequency of the ac power supply when the at least one or
more sections of the solenoidal coil is moved to maintain constant applied power to the load
circuit at substantially resonant frequency.

2. The apparatus of claim 1 wherein the one or more parameters of the strip i.ncludf: the width of
the strip, the composition of the strip, and the composition of a coating applied to the strip prior
to inductively heating the strip.

3. The apparatus of claim 1 wherein i:he means for moving the at least one or more sections of
the solenoidal coil comprises at least one powered actuator.

4. The apparatus of claim 3 wherein the at least one powered actuator and the means for
modulating the output frequency of the ac power supply are controlled by a processing system.
5. The apparatus of claim 4 further comprising one or more position sensors to input the position
of at least one or more sections of the solenqidal coil to the processing system.

6. The apparatus of claim 4 further comprising one or more electric power sensors to input the
instantaneous electrical load power to the processing system. -

7. The apparatus of claim 4 further comprising one or more position sensors to input the position
of at least one or more sections of the solenoidal coil to the processing system and one or more
electric power sensors to input the instantaneous electrical load power to the processing system.
8. A metho& of heating a strip by electric induction, the method comprising the steps of passing
the strip through a solenoidal coil connected to an ac power supply by a capacitive element to
form a load circuit; selectively altering the distance between at least one or more sections of the
coil and the strip responsive to a change in one or more parameters of the strip changing the
impedance of the load circuit, and modulating the output frequency of the power supply to keep
the load circuit at substantially resonant frequency.

9. The method of claim 8 further comprising the steps of sensing the position of at least one or
more sections of the coil; inputting the sensed position to a processing system; and outputting a

change in output frequency signal from the processing system, the signal responsive to the sensed
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position, to the power supply to modulate the output frequency to substantially resonant
frequency.

10. The method of claim 8 further comprising the steps of sensing the instantaneous power of the
load circuit; inputting the sensed instant.aneou's power to a processing system; and outputting a
change in output frpquency signal from the processing system, the signal responsive to the sensed
instantaneous power, to the power supply to modulate the output frequency to substantially
resonant frequency.

11. The method claim 8 further comprising the steps of sensing the position of at least one or
more sections of the coil; sensing the instantaneous power of the load circuit; inputting the sensed
position and instantaneous power to a processing system; and outputting a change in output
frequency signal from the processing system, the signal responsive to the sensed position and
instantaneous power, to modulate the output frequency to substantially resonant frequency.

12. A method of maintaining a constant rate of weight of inductively heated continuous strip per
unit time as one or more weight changing parémetc;s of the continuous strip changes, the method
comprising the steps of passing the strip through a solenoidal coil connected to an ac power '
supply by a capacitive element to form an inductive héating load. circuit, selectivgly changing the
distance between one or more coils sections of the coil and a surface of the continuous strip
responsive to a change in the one or more weight changing parameters of the continuous strip,
and modulating the output frequency of the power supply to keep the load circuit at substantially
resonant frequency. ‘

13. The method of claim 12 further comprfsing the steps of sensing the position of at least one or
more sections of the coil; inpﬁtting the sensed position to a processing system; and outputting a
change in output frequency signal from the processing system, the signal responsive to the sensed
position, to the power supply to modulate the output frequency to substantially resonant
frequency. .

14. The method of claim 12 further comprising the steps of sensing the instantaneous power of
the load circuit; inputting the sensed instantaneous power to a processing system; and outputting
a change in output frequency signal from the processing system, the signal responsive to the
sensed instantaneous power, to the power supply to modulate the output frequency to
substantially resonant frequency. .

15. The method claim 12 further comprising thé steps of sensing the position of at least one or
more sections of the coil; sensing the instantaneous power of the load circuit; inputting the sensed
position and instantaneous power to a brocessing system; and outputting a change in output
frequency signal from the processing system, the signal responsive to the sensed position and

instantaneous power, to modulate the output frequency te substantially resonant frequency.
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