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ABSTRACT

An electric machine assembly with fail-safe arrangement is described. The assembly
comprises a stator including a plurality of windings and a cooperating rotor imncluding at
least one permanent magnet; a detector configured to detect DC current in at least one of
the windings of the stator; and a bypass circuit configured to be activated upon detection
of the DC current by the detector and to prevent at least some of the DC current from

flowing into the at least one of the windings of the stator.
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ELECTRIC MACHINE ASSEMBLY WITH FAIL-SAFE ARRANGEMENT -
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[0001] The disclosure relates generally to permanent magnet electric
machines, and more particularly to fail-safe devices, systems and methods for

permanent magnet machines.

BACKGROUND OF THE ART

[0002] Permanent magnet ¢lectric motors/gencrators (1.e. machines) are
used 1n various applications including as starters/generators coupled to gas
turbine engines for acrospace applications. Most permanent magnet machines
are “impedance limited” which means that the windings are configured to have
high impedance (inductive reactance) to prevent excessively large AC currents
from flowing through windings of such machines in the event of a short circuit
fatlure in circuitry connected to or associated with the operation of such

machines.

[0003] A potential failure mode includes the posstbility of DC current
being driven into windings of a machine during operation as a motor and/or as
a generator. Such flow of DC current into the windings could significantly
reduce the protective impedance limit of the machine by saturating protective
soft magnetic components. Consequently, such flow of DC current into the
windings could tend to stop (¢.g. brake) the machine during operation and
potentially cause excessive heating. During operation as a generator, a flow of
DC current into the windings could cause excessively large AC currents to be
output from the machine into one or more low impedance loads connected to

the machine and thereby cause a cascading failure.

(0004} Improvement in the fail-safe operation of electric machines is

therefore desirable.
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SUMMARY

[0005] The disclosure describes electric machines, and in particular fail-

safe systems, devices, and processes for permanent magnet machines.

[0006] For example, 1n one aspect, the disclosure provides an electric

machine assembly with fail-safe arrangement. The assembly may comprise:

a stator including a plurality of windings and a cooperating rotor

including at least one permanent magnet;

a detector configured to detect DC current in at least one of the windings

of the stator; and

a bypass circuit configured to be activated upon detection of the DC
current by the detector and configured to prevent at least some of the DC
current from flowing into the at least one of the windings of the stator.

[0007] In another aspect, the disclosure provides an electric machine for

use with a gas turbine engine, the assembly may comprise:

a stator including a plurality of phase windings and a cooperating rotor
including at least one permanent magnet;
a detector configured to detect a failure of a bridge connected to the

phase windings via line connections; and

a normally open circuit configured to short-circuit the line connections
upon detection of the failure by the detector.
[0008] In a further aspect, the disclosure provides a method for
controlling a permanent magnet machine in the event of a failure of a bridge
associated with the machine, wherein the machine comprises a stator including

a plurality of phase windings and a cooperating rotor including at least one

permanent magnet. The method may comprise:

detecting the failure of the bridge; and
-7 -



establishing a short circuit between line connections of the phase
windings.
[0009] Further details of these and other aspects of the subject matter of

this application will be apparent from the detailed description and drawings

included below.

N

DESCRIPTION OF THE DRAWINGS

Reterence 1s now made to the accompanying drawings, in which:

[0010] FIGS. 1A and 1B are partial schematic representations of a 3-

phase permanent magnet electric machine;

10 [0011] F1G. 2 1s a schematic representation of an electric machine

assembly, according to a first embodiment, connected to a MOSFET bridge;

[0012] FI1G. 3 1s a schematic representation of an electric machine

assembly, according to a second embodiment, connected to a MOSFET bridge:

and

15 [0013] FIG. 4 1s a schematic representation of the electric machine

assembly of FIG. 3 connected to a diode bridge.

DETAILED DESCRIPTION OF EMBODIMENTS
[0014] Various aspects of embodiments of the disclosure are described

through reference to the drawings.

20 [0015] The following description relates to fail-safe arrangement(s) ot a
polyphase (¢.g. 3-phasc) permanent magnet electric machines and may be

sutted for use, for example, with machine configurations such as those
described in the applicant's U.S. Patent Nos. 6,965,183; 7,262,539; 7, 288.910
and 7,443,642.

25
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[0016] Systems, devices and methods described herein may also be used
with various forms of permanent magnet machines including machines which
are “impedance limited” whereby the windings have a sufficiently high
impedance (inductive reactance) to prevent excessively large AC currents from
flowing through the windings. It will also be understood by those skilled in the
relevant arts that systems and methods according to the disclosure herein may

be used 1n conjunction with machines having either “inside rotor” ,“outside

rotor” or axial gap configurations.

[0017] FIG. 1A shows a partial schematic representation of a 3-phase
(e.g. A, B and C) permanent magnet electric machine generally shown at 10. It
1s to be understood that electric machine 10 may be operated either as a motor
or as a generator. For example, machine 10 may be used as a starter/generator
coupled to a gas turbine engine (not shown) for an aircraft application. Machine
10 may comprise stator 12 including a plurality of windings L1, L2 and L3 and
a cooperating rotor 14 including one or more permanent magnets 16. Machine
10 may be impedance limited. Accordingly, windings L1, L2 and 1.3 may have
sufficient inductance resulting in sufficient inductive reactance to provide a
protective impedance limit for machine 10. The protective impedance may
limit AC current being output from machine 10 during operation as a generator
in the event of a failure such as a short circuit fault in circuitry connected to or

associated with the operation of machine 10.

[0018] FIG. 1B shows a partial schematic representation of electric
machine 10 where windings L1, L2 and L3 are arranged in a WYE
configuration (i.e. schematically arranged similar to the letter “Y’’). Windings
L1, L2 and L3 may be connected to one or more power loads and/or power

sources via line connections 18A, 18B and 18C.

[0019] FIG. 2 shows a schematic representation of an electric machine
assembly 20 including a fail-safe arrangement 50. Assembly 20 may include a

machine 10 such as that of Fig. 1, one or more detector(s) 22, and failsafe
-4 -
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arrangement(s) 50, which may comprise bypass circuit(s) 24 and optionally one
or more switching device(s) 30. Detector(s) 22 may be configured to detect DC
current 1n at least one of line connections 18a, 18B and 18C. Fail-safe device(s)
50 may be configured to be activated upon detections of DC current by

detector(s) 22 and to prevent at least some of the DC current from flowing into

at least one of the windings LL1, L2 and L3 of stator 12.

[0020] Bypass circuit(s) 24 may be biased or otherwise configured as
normally-open and, upon activation (e.g. closure), may short-circuit line
connections 18A, 18B and 18C of windings L1, L2 and L3. Accordingly,
bypass circuit(s) 24 may comprise conductor(s) 26 and normally open
contactor(s) 28, coupled to switching device(s) 30. Conductor(s) 26 may be
configured to short-circuit line connections 18A, 18B and 18C to each other
upon the closing of contactor(s) 28. Normally-open contactor(s) 28 may be

closed by switching device(s) 30. As shown in FIG. 2, a plurality of normally-

open contactors 28 may be simultaneously closed by the action of a single
common switching device 30. Accordingly, a plurality of normally-open

contactors 28 may be closed simultaneously by a single mechanical action.

[0021] Switching device(s) 30 may, for example, include one or more
solenoid switches configured to simultaneously close a plurality of normally-
open contactors 28. Switching device(s) 30 may be actuated upon detection of
DC current in at least one of line connections 18A, 18B and 18C by detector(s)
22. Detector(s) 22 may be configured to provide a signal useful in the actuation
of switching device(s) 30 and/or detector(s) 22 may be configured to directly

cause switching device(s) 30 to be actuated.

[0022] Electric machine 10 may be connected to one or more loads
and/or DC power sources such as one or more batteries for example via multi-
phase bridge 32. Bridge 32 may include switching element(s) 34. Switching
element(s) 34 may comprise metal-oxide—semiconductor field-effect

transistor(s) (MOSFET) or other suitable types switching elements. Bridge 32
_5
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may be used to commutated DC current from one or more batteries, for
cxample, through windings L1, L2 and L3 when machine 10 is operated as a
motor. Alternatively, bridge 32 may be used to rectify AC current output from
machine 10 when machine 10 is operated as a generator. Machine 10 may
include a brushless DC (BLDC) motor and suitable control circuitry (not
shown) may be used to control the operation of switching element(s) 34 in
order to, for example, commutate current through windings L1, L2 and L3 for
driving machine 10, or, rectify current being output by windings L1, L2 and L3

when machine 10 1s operated as a generator.

[0023] Assemblies 20, 50 may further include normally-closed
contactor(s) 36 which may be used to disconnect the one or more loads and/or
DC power sources from electric machine assembly 20. Accordingly, normally-
closed contactor(s) 36 may be associated with a rectified output of machine
assembly 20 and/or an input current to the machine assembly 20. Normally-
closed contactor(s) 36 may also be opened via actuation of common switching
device 30. Accordingly, normally-closed contactor(s) 36 may be opened upon
detection of DC current by detector 22 at the same time as normally-open
contactor(s) 28 are being closed by the actuation of common switching device
30. Hence, normally-closed contactor(s) 36 may be opened and normally-open
contactor(s) 28 may be closed simultancously by a single mechanical action of

common switching device 30.

[0024] FIG. 3 shows a schematic representation of an electric machine
assembly 20 with a fail-safe arrangement 50 according to another embodiment.
In this embodiment, electric machine 10 may comprise control coil(s) 38 for
controlling a magnetic saturation level of a stator 12 (see, e.g., FIG. 1).
Accordingly, control coil(s) 38 may be disposed 1n stator 12 and used to
regulate an electrical output of machine 10. For example, control coil(s) 38 may
be used to regulate output voltage(s) and current(s) from one or more of

windings L1, L2 and L3. Control coil(s) 38 may be, for example, of the type

-6 -
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disclosed in U.S. Patent No. 6,965,183. Current through control coil(s) 38 may

be controlled and/or provided by and/or via control coil driver circuit(s) 40. In
such examples, normally-closed contactor(s) 36 may be configured to
cooperate with control coil(s) 38 of stator 12 and may be used to interrupt

current from being delivered to control coil(s) 38.

[0025] FIG. 4 shows a schematic representation of the electric machine
assembly 20 of FIG. 3 connected to a bridge 42. Bridge 42 may for example be
used to rectify AC current output from machine 10 when machine 10 1s

operated as a generator. Bridge 42 may comprise a plurality of diodes 44.

[0026] During operation, an electric machine 10 may be operated as a
motor or as a generator. When operated as a motor, a machine 10 may be
powered by one or more sources of DC current such as one or more batteries,
for example, and the DC current may be commutated through windings L1, L2
and L3 via MOSFET bridge 32 according to conventional or other methods.
When operated as a generator, output AC current from windings L1, L2 and L3
may be rectified prior to being delivered to loads. Rectification of current
output from windings L1, L2 and L3 may be conducted using, for example,
MOSFET bridge 32 via proper control of switching elements 34 (e.g.
synchronous rectification) or diode bridge 42. Alteratively, bridge 32 may
comprise switching elements 34 (e.g. MOSFETS) each having an intrinsic body
diode (not shown) and rectification may be conducted using the intrinsic body
diodes in bridge 32 instead of having to switch switching elements 34 of bridge
32. Accordingly, bridge 32 may be configured as a bi-directional power
converter. For the embodiment(s) shown in FIGS. 3 and 4, output of electric
machine 10 may be regulated using control coil(s) 38 by varying a magnetic

saturation level within stator 12.

[0027] Whether machine 10 is operated as a motor or as a generator, a
failure mode may exist if the machine lacks suitable fail-safe arrangement,
wherein DC current may be caused to flow into the windings of such machine.

-7 -
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For example, when a machine 10 1s operated as a motor, a failure of one or
more switching elements such as 34 (e.g. stuck in a closed position, short
circuit) of a MOSFET bridge such as 32 may cause DC current to flow from a
DC source directly mto at least one of windings of the machine. Consequently,
such flow of DC curent into the windings could tend to stop (brake) the
machine and potentially cause excessive heating of the rotor. When operated as
a generator, a failure of one or more switching elements 34 (e.g. stuck in a
closed position, short circuit) of MOSFET bridge 32 or a failure of one or more
diodes such as 44 (e.g. short circuit) of a diode bridge such as 42 may cause DC
current to flow back into one or more of windings of the machine. Even though
the machine may be “impedance limited” meaning that its windings may have a
sufficiently high inductive reactance to prevent excessively large AC currents
from being output from the machine, a flow of DC current back into its
windings may significantly reduce the protective impedance limit the machine.
Since the flow of DC current may not be affected by the inductance of the
windings, DC current would be permitted to flow substantially unrestricted into
the windings and potentially cause saturation of a stator of the machine which
would thereby reduce the protective impedance designed into the machine.
Consequently, the loss of protective impedance could potentially cause large
AC currents being output from the machine and to flow into low impedance
load(s)/circuit(s) connected to the machine and thereby cause a cascading

failure.

[0028] A fail-safe arrangement incorporated mto an assembly 20 may
provide a method of controlling a permanent magnet machine 10 in the event of
a failure of bridge 32, 42 associated with the machine 10. Accordingly,

machine assembly 20 may be used to prevent or at least reduce the amount ot
DC current that may flow into windings L1, L.2 and L3 in the event of such
failure. Accordingly, detector 22 may be configured to detect failure of bridge

32, 42 and cause normally-open bypass circuit(s) 24 to be activated (e.g.

_8 .
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closed) to thereby prevent or at least reduce the amount of DC current that may
flow into windings L1, L2 and L3. For example, a detector 22 may be
configured to detect DC current, such as for example a non-zero average
current over a predetermined period of time in one or more of windings L1, 1.2
and 1.3 and/or line connections 18A, 18B and 18C. The predetermined period
of time during which a non-zero average (e.g. DC) current may be detected
may be selected so that the detection is indicative of a failure in bridge 32, 42
(e.g. a rectification failure during operation as a generator or commutation

failure during operation as a motor).

[0029] Upon detection of DC current by detector 22, switching device 30
may be activated to close normally-open contactor(s) 28. The closure of
normally-open contactor(s) 28 may consequently establish a short-circuit
between line connections 18A, 18B and 18C via conductor(s) 26. The short
circuit(s) produced by conductor(s) 26 may provide a low resistance path
through which DC current may directed instead of through windings L1, L2
and L3. By diverting at least a portion of the DC current into bypass circuit(s)
24 instead of through windings L1, L2 and L3, the protective inductance of

- windings L1, L2 and L3 may be substantially or at least partially maintained.

[0030] A short circuit between line connections 18A, 18B and 18C may
also be established, for example, by switching the three switching elements 34

of bridge 32 which are connected to the -DC hnk (e.g. three lower switching
elements 34 in FIGS. 2 and 3) to an ON state. However, this option may not be

available if there is no power available for controlling the particular switching
elements 34 or if one of the switching elements 34 has failed and is causing the
DC current through windings L1, L2 and L3 in the first place. Accordingly, it
may be desirable to instead rely on another means such as, for example, fail-

safe arrangement 50 to establish a short circuit between line connections 18A,

18B and 18C.
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[0031] Bypass circuit(s) 24 may also create a short circuit for the AC
current being generated in windings L1, L2 and L3 when machine 10 1s
operated as a generator and thereby eliminate the AC supply to brnidge 32, 42
and thus remove the source of power to any load(s)/circuit(s) connected to
machine 10. Due to the protective impedance of windings L1, L2 and L3 being
at least partially maintained, the magnitude of the AC current generated in
windings L1, L2 and L.3 may still be at least partially limited by the protective
impedance of windings L1, L2 and L3.

[0032] In addition to the activation of bypass circuit(s) 24, any load(s)
and/or power source(s) may also be disconnected from machine 10 upon the
detection of a fatlure of bridge 32, 42. As shown 1n FIG. 2 for example, load(s)
and/or power source(s) may be disconnected from machine 10 by the opening
of normally-closed contactor(s) 36. Normally-closed contactor(s) 36 may be
opened by the activation of common switching device(s) 30 and at the same
time as the closing of normally-open contactor(s) 28 occurs. Common
switching device 30 may include a solenoid switch mechanically coupled to the
normally-open contactor(s) 28 and also to normally-closed contactor(s) 36 so
that simultaneous closing of normally-open contactor(s) 28 and opening of
normally-closed contactor(s) 36 may be achieved through a single mechanical
action. The use of normally-open contactor(s) 28 in bypass circuit(s) 24 may
result in contactor(s) 28 only carrying current in the event of a failure and

therefore may lead to a relatively long contact life.

j0033] In embodiments in which electric machine 10 includes control
coil(s) 38 as shown in FIGS. 3 and 4, current through control coil(s) 38 may
also be interrupted in the event of a failure of bridge 32, 42. Control co1l(s) 38
may be disconnected from driver circuit 40 by the opening of normally-closed
contactor(s) 36 shown in FIGS. 3 and 4. As described above, normally-closed

contactor(s) 36 may be opened by the activation of common switching

-10 -
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device(s) 30 and at the same time as the closing of normally-open contactor(s)

28 through a single action of switching device 30.

[0034] The above descriptions are meant to be exemplary only. Those
skilled in the relevant arts will recognize that changes may be made to the
embodiments described without departing from the scope of the present
disclosure. For example, systems and methods suitable for use in implementing
the disclosure do not specifically require 3-phase brushless DC motors, but may
be used with all types of permanent magnet motors. A 3-phase motor may be
preferred because in many cases it simplifies the associated electronics by

allowing the use of commercially-available circuits designed to be used to

detect a bridge failure.

0035} Methods and systems according to the disclosure may also be
used in conjunction with machines serving as starter motors (not shown)

driving a shaft for, as an example, starting a gas turbine engine (not shown).

[0036] It will also be understood by those skilled 1n the relevant arts that
systems and methods according to the disclosure herein may be used in
conjunction with machines having either “inside rotor” or “outside rotor” and
axial gap configurations. Still other modifications which fall within the scope
of the described subject matter will be apparent to those skilled in the art, in

light of a review of this disclosure, and such modifications are intended to fall

within the appended claims.

-11 -



WHAT IS CLAIMED 1IS:

[ An electric machine assembly with fail-safe arrangement, the assembly

COMprising:

a stator including a plurality of windings and a cooperating rotor including at

least one permanent magnet;
a multi-phase bridge connected to the phase windings;

a detector configured to detect a failure in the multi-phase bridge by detecting a
presence of DC current in at least one of the windings of the stator during operation of

the electric machine; and

a bypass circuit configured to be activated by a switching device upon detection
of the failure in the multi-phase bridge by the detector and configured to prevent at least

some of the DC current from flowing into the at least one of the windings of the stator.

2. The assembly as defined in claim 1, wherein the bypass circuit is configured to

short-circuit [ine connections of the windings of the stator.

3. The assembly as defined in claim |, wherein the bypass circuit comprises a

normally-open contactor.

4, T'he assembly as defined 1n claim 1, wherein the bypass circuit includes a

plurality of normally-open contactors configured to short-circuit line connections of the

windings of the stator upon closing of the normally-open contactors.

5. The assembly as defined in claim 4, wherein the normally-open contactors are

configured to be closed by the switching device.

_ 12 -
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6 The assembly as defined in claim 5, wherein the switching device 1s configured
to open a normally-closed contactor associated with at least one of a rectified output of

the machine assembly and an input current to the machine assembly.

7. The assembly as defined in claim 5, wherein the switching device is configured

to open a normally-closed contactor associated with a control coil of the stator.

8. The assembly as defined 1n claim 4, wherein the normally-open contactors are

configured to be closed simultaneously by a single action.

9. The assembly as defined 1n claim 1, wherein the stator includes three windings
and the bypass circuit includes a corresponding number of normally-open contactors

configured to short-circuit line connections of the windings to each other.

10.  An electric machine assembly for use with a gas turbine engine, the assembly
comprising:

a stator including a plurality of phase windings and a cooperating rotor including
at least one permanent magnet;

a detector configured to detect a failure of a bridge connected to the phase
windings via line connections during operation of the electric machine, the detection of
the failure of the bridge comprising a detection of a presence of DC current in one of the

phase windings; and

a bypass circuit comprising a normally-open contactor configured to be actuated

by a switching device and short-circuit the line connections upon detection of the failure

of the bridge by the detector.

I1.  The assembly as defined in claim 10, wherein the bypass circuit comprises a

plurality ot normally-open contactors.

- 13 -
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12.  'The assembly as defined in claim 11, wherein the normally-open contactors are

configured to be closed by the switching device.

3. The assembly as defined in claim 12, comprising a normally-closed contactor
contigured to be opened by the switching device wherein the normally-closed contactor

1s associated with a control coil of the stator.

[4. The assembly as defined in claim 10, wherein the failure of the bridge comprises

DC current tlowing in a line connection of one of the phase windings.

[5. A method for controlling a permanent magnet machine in the event of a failure
of a bridge associated with the machine, wherein the machine comprises a stator
including a plurality of phase windings and a cooperating rotor including at least one
permanent magnet, the method comprising:

detecting the tailure of the bridge during operation of the permanent magnet
machine where detecting the failure comprises detecting a presence of DC current in
one of the phase windings; and

upon detection of the failure of the bridge, closing a normally-open contactor by
the actuation of a switching device to establish a short circuit between line connections

ot the phase windings.
16. The method as defined 1n claim 15, wherein establishing a short circuit
comprises closing a plurality of normally-open contactors using a single mechanical

action.

[ 7. The method as defined in claim 16, comprising opening a normally-closed

contactor using the single mechanical action wherein the normally-closed contactor 1s

associated with a control cot! of the stator.

- 14 -
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18. The method as defined in claim 16, comprising opening a normally-closed
contactor using the single mechanical action wherein the normally-closed contactor is
associated with at least one of a rectified output of the machine assembly and an input

current to the machine assembly.

19. The method as defined in claim 15, wherein detection of the failure comprises

the detection of DC current in one of the line connections of the phase windings.

- 15 -
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