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(57) A fault tolerant power supply circuit for a series resonant load having an inductive impedance. The power supply
circuit includes alternately conducting first and second sets of switches for supplying current to the load 1n alternating
directions. One terminal of the load 1s connected to a point intermediate the switches. A protective coil 1s connected
in series with the load and the point mntermediate said switches. In one embodiment of the invention, a di/dt reactor 1s
connected 1n series between the switches. In that embodiment, one end of the protective coil 1s connected to the load
and the other end of the protective coil 1s connected to the di/dt reactor at a point intermediate the switches.
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Abstract

A fault tolerant power supply circuit for a series resonant load
having an inductive impedance. The power supply circuit includes alternately
conducting first and second sets of switches for supplying current to the load in
alternating directions. One terminal of the load is connected to a point
intermediate the switches. A protective coil 1s connected in series with the load
and the point intermediate said switches. In one embodiment of the invention,
a di/dt reactor 1s connected in series between the switches. In that embodiment,
one end of the protective coil is connected to the load and the other end of the

protective coil 1s connected to the di/dt reactor at a point intermediate the

switches.
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FAULT TOLERANT POWER SUPPLY CIRCUIT

Field Of The Invention

The present invention relates generally to a power supply for
induction heating and/or melting equipment, and in particular to a fault tolerant
power supply circuit for a series-resonant inverter that protects sensitive power
semiconductor devices from excessive overvoltage or overcurrent conditions and
prevents thermally-induced and voltage-induced failures of the semiconductor

devices.

Background Of The Invention

A conventional series resonant inverter power supply circuit for
an induction furnace, or other loads with inductive impedance, includes a DC
power source and a plurality of inductive reactors in series with inverter power
switching devices, such as silicon controlled rectifiers (SCRs). The inductive
reactors limit the rate of change of current in the SCRs during commutation and
are often referred to as "di/dt reactors.” The SCRs are connected in series with
an 1nduction coil, and are triggered to be alternately conductive and non-
conductive. With this arrangement, the SCRs alternately allow current to flow
through the induction coil, which will flow in alternating directions. This
creates an AC current 1n the coil.

Parallel-resonant inverter power supply circuits are also used to
excite induction heating and melting coils. However, series-resonant inverter
power supplies are preferred because of their higher efficiency. A problem with

series-resonant inverter power supplies is their vulnerability to short circuit




946-274
/221139

10

15

20

25

CA 02273200 1999-05-28

-9

conditions on the induction coil. It is relatively common for molten metal spills
or pieces of metal scrap being loaded into a furnace to come into contact with the
induction coil, and short out two or more coil turns. This is a serious concern,
since a shorted coil can cause severe damage to the inverter power supply.

For example, in the event of a short circuit across two or more
turns of the induction coil, an instantaneous and generally catastrophic
overvoltage condition across the non-conducting SCRs in the inverter could
occur. In the past, attempts were made to deal with such an overvoltage
condition, if such a condition were detected at all, by triggering the affected
SCRs into conduction in order to eliminate the overvoltage condition across the
SCRs. U.S. patents which disclose inverter power supplies and protection
measures of the type just described include 4,060,757, 4,570,212, 4,710,862,
5,235,487, and 5,418,706.

However, this method has its drawbacks, not the least of which
1s that it causes extremely high current to flow through the SCRs which, in turn,
produces great amounts of heat within the SCRs in 2 very short period of time.
The SCRs are, in effect, forced to withstand an extremely high current in order
to avoid being subjected to an overvoltage. This condition can lead to severe
voltage stress on the SCRs and their premature failure.

The present invention solves the problem of overvoltage-induced
fallure by reducing the overvoltage in the first instance. The present invention
adds an inductance in series with the induction coil to suppress the overvoltage
that would otherwise occur across the switching devices in the event of a short
in the induction coil, thus protecting the switching devices from both severe
voltage stress and thermal damage. With the present invention, it is no longer
necessary to force the switching devices to absorb high currents to avoid being

subjected to overvoltage conditions.
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Summary of the Invention

The present invention is a fault tolerant power supply circuit that
protects sensitive power semiconductor devices from excessive overvoltage or
overcurrent conditions and avoids both voltage breakdown and thermal failure
of the semiconductor devices.

In 1ts broad aspects, the invention is directed to a fault tolerant
power supply circuit for a series resonant load having an inductive impedance,
the power supply circuit including alternately conducting first and second sets
of switches for supplying current to said load in alternating directions, one
terminal of said load being connected to a point intermediate said switches,
comprising a protective coil connected in series with said load and said point
intermediate said switches.

In one embodiment, the invention further comprising a di/dt
reactor 1n goseries between said switches, one end of said protective coil being
connected to said load and the other end of said protective coil being connected

to the di/dt reactor at a point intermediate said switches.

Brief Description Of The Drawings

For the purpose of illustrating the invention, there is shown in the
drawings a form which is presently preferred; 1t being understood, however, that
this invention is not limited to the precise arrangements and instrumentalities
shown.

Figure 11s simplified schematic diagram of a conventional inverter
power supply circuit according to the prior art, showing a conventional
arrangement of di/dt reactors.

Figure 2 1s simplified schematic diagram of a fault tolerant power

supply circuit, showing an arrangement of a di/dt reactor and a choke coil

according to the present invention.




946-274
/221139

10

15

20

25

CA 02273200 1999-05-28

-4 .

Figure 3 1s a top plan view illustrating one way in which a di/dt

reactor and protective coil arrangement according to the present invention may

be fabricated.

Figure 4 1s a side elevational view of the arrangement of a di/dt

reactor and a protective coil shown in Figure 3.

Detailed Description Of The Invention

While the invention will be described in connection with a
preferred embodiment, it will be understood that it is not intended to limit the
invention to that embodiment. On the contrary, it is intended to cover all
altematives, modifications, and equivalents as may be included within the spirit
and scope of the invention as defined by the appended claims.

Referring now to the drawings, wherein like numerals indicate
like elements, there is shown in Figure 1 an illustration of a conventional
inverter power supply circuit 11 known in the prior art. The conventional
circuit 11 includes a DC power supply 20 for supplying power to a plurality of
solid state switching devices 30. The switching devices 30 may be controllably-
conductive semiconductor devices such as SCRs, as illustrated in Figure 1. The
switching devices 30 are typically connected to the DC power supply 20 via

individual di/dt reactors 40. The di/dt reactors 40 function as current storage

and off, and thus power is switched from the DC source 20 to the induction coil
60 1n a manner which produces an alternating current in the induction coil 60.
The alternating current in the induction coil 60 produces a time-varying
magnetic field, which may be used to inductively heat or melt metals, or used to
produce other work like the rotation of an induction motor. For purposes of
this description, the invention will be described in the context of induction
heating and melting of metals, although it is understood that the description is

llustrative and not limiting.
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During the heating, in particular, the melting operations of an
induction furnace, the inductor coil 60 can be exposed to short circuits caused by
molten metal spills or stray metal pieces which bridge two or more coil turns.
When this occurs, application of Kirchoff's Laws reveals that the voltage
developed on the commutating capacitors 70 will instantaneously be impressed

on the switching device 30 which is non-conductive at the time the short occurs.

Thus, a short causes an extremely large reverse voltage to appear across the

semiconductor device, which could ultimately destroy 1t.

Referring now to Figure 2, there is shown in that figure an

tllustration of a fault tolerant power supply circuit 10 according to the present
invention. The fault tolerant power supply circuit 10 includes a DC power
source 20 and a pair of solid state switching devices 30 connected to the power
source 20. The solid state switching devices 30 may 1nclude, but are not limited
to, high-power SCRs and antiparallel diodes 32. Preterably, although not
necessarily, a single di/dt reactor 40 1s connected 1n series with and between the

pair of solid state switching devices 30, instead of an individual di/dt reactor 40

in series with each switching device 30. A protective coil 50 is connected to the

di/dt reactor 40 and in series with an induction coil 60. The protective coil 50 and

the di/dt reactor 40 are non-saturable core linear reactors. One end of the
protective coil 50 is connected to the di/dt reactor 40, preferably at the reactor’s
midpoint, and at a point intermediate the switching devices 30. The other end of

the protective coil 50 is connected to one end of the induction coil 60. The other

end of induction coil is connected in series with the commutating capacitors 70,

thus completing the circuit back to the power source 20.

Should an accidental short occur in induction coil 60, the high

voltage on the commutating capacitors 70 will be impressed across not only the
SCR 30 which is non-conducting when the short occurs, but also across the

protective coil 50 and part of the di/dt reactor 40 as well. That 1s, the voltage on

" the commutating capacitors 70 will be impressed on the series circutt comprising

protective coil 50, part of the di/dt reactor 40, and the SCR 30. Theretore, the
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voltage across the non-conducting SCR 30 is only a fraction of the capacitor
voltage.

The ratio of the inductance of the di/dt reactor 40 to the
inductance of the protective coil 50 will be 7/%, where 7 is at least equal to 1.
Hence, 1f a short occurs, the semiconductor will be subjected to only 1/fn+1) of

the voltage on the capacitors. That is,

I/J'CR - 1 _’_J; V:'apacitar

For example, if n=2, the non-conducting SCR will be exposed to only one-third
of the capacitor voltage. Such a reduction of the voltage across the non-
conducting SCR eliminates possibility of semiconductor failure from
overvoltage.

The 1inductance values of the di/dt reactor 40 and the protective
cotl 50 should be as small as possible compared to the inductance of the load, 1n
order to limit losses in the di/dt reactor 40 and the protective coil 50 and to
maximize the efficiency of the power supply.

The present invention lends itself to convenient fabrication in 2
common housing 55, as shown in Figures 3 and 4. The protective coil 50,
because of its preferred connection midway between the ends of the di/dt reactor
40, may be interwound in an orthogonal relationship with the di/dt reactor 40.
By orthogonal relationship is meant that the longitudinal axis of one coil is
approximately normal (i.e., perpendicular) to the longitudinal axis of the other
coil. By orthogonally interwinding coil 40 and coil 50, the interaction of the
magnetic fields of the two coils is minimized, along with coil packaging volume.
An orthogonal relationship tends to reduce magnetic coupling and induced fields
produced by the coils. However, it is to be understood that the spatial
relationship of the di/dt reactor 40 and the protective coil 50 can vary, if volume

1S not a concern.
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In addition, the di/dt reactor 40 and the protective coil 50 need
not be orthogonal at all.

It will be appreciated that the present invention provides a highly
effective fault tolerant power supply circuit for protecting sensitive
semiconductor switching devices. In addition, the invention's stmplicity and
unique construction greatly reduce the complexity and cost of the power supply
circutt while providing greater efficiency and productivity. These and other
advantages of the present invention will be apparent to those skilled in the art
from the foregoing specification.

The present invention may be embodied in other specific forms
without departing from the spirit or essential attributes thereof and, accordingly,
reference should be made to the appended claims, rather than to the foregoing

specification, as indicating the scope of the invention.
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Claims

1. A fault tolerant power supply circuit for a series resonant
load having an inductive impedance, the power supply circuit including
alternately conducting first and second sets of switches for supplying current to
said load 1n alternating directions, one terminal of said load being connected to
a point intermediate said switches, comprising a protective coil connected in
series with said load and said point intermediate said switches.

2. The circuit according to claim 1, further comprising a di/dt
reactor 1n series between said switches, one end of said protective coil being
connected to said load and the other end of said protective coil being connected
to the di/dt reactor at a point intermediate said switches.

3. The circuit according to claim 1, wherein the protective
coil has an inductance at least equal to the inductance of the di/dt reactor.

4, The circuit according to claim 1, wherein the protective
coil has an inductance smaller than the inductance of the induction coil.

5. The circuit according to claim 1 wherein the protective coil

and the di/dt reactor are orthogonally interwound.

6. A fault tolerant power supply circuit comprising:
(@)  apower source;
(b)  a set of solid state switching devices connected to the

power source;

() adi/dt reactor connected between the pair of solid state
switching devices; and

(d)  a protective coil connected to the di/dt reactor and in
sertes with an induction coil

wherein the protective coil has an inductance at least equal to that of the di/dt

reactor.
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7. The circuit according to claim 6 wherein the protective coil

has a smaller inductance than the induction coil.

8. The circuit according to claim 6 wherein the protective coil

and the di/dt reactor are orthogonally interwound.

9. A fault tolerant power supply circuit comprising:
(a) a power source;
(b)  a set of solid state switching devices connected to the

power source;
(c) a di/dt reactor connected between the pair of solid state
switching devices; and
(d)  aprotective coil, orthogonally interwound with the di/dt
reactor, connected to the di/dt reactor and in series with
an 1induction coul;
wherein the protective coil has an inductance at least equal to that of the di/dt
reactor.
10.  Thecircuit accordingto claim 9 wherein the protective coil

has a smaller inductance than the induction coil.
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