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(57) Abstract: For each phase (80, 180,280) of a controller (11 ), semiconductor switches comprise a high side switch (81, 181,
281 ) and a low side switch (82, 182, 282). A direct current voltage bus (64, 66) provides electrical energy to the semiconductor
switches (81, 82.181.182.281,282). A measuring circuit (32,34) is adapted to measure the collector-emitter voltage or drain-source
voltage for each semiconductor switch of the controller (11). A data processor (10) determines that a short circuit in a particular
semiconductor switch is present it the measured collector-emitter voltage or measured source-drain voltage for the particular semi-
conductor switch is lower than a minimum threshold and if an observed current associated with the particular semiconductor switch
has an opposite polarity from a normal operational polarity.
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METHOD AND CONTROLLER FOR AN ELECTRIC MOTOR WITH FAULT
DETECTION

Field of the Invention

This invention relates to a method and controller for electric motor with fault

detection.

Background of the Invention

An electric motor may feature a rotor with permanent magnets and a stator,
such as an interior permanent magnet (IPM) motor or an 1PM synchronous motor. in
accordance with cerfain prior art, an inverter or motor controller comprises
semiconductor switches that support the provision of alternating current cutputs for
one or more phases of the electric motor. A short circuit, which appears across the
output terminals of one semiconductor swilch, may cause an asymmetric current fo
flow in the windings of an electric molor. The asymmetric current makes the molor
susceptible to damage, such as demagnstization of one or more permanent magnets
within the motor (e.g., or iis rotor). Thus, there is a need for an improved method and

corttrolier for an electric motor with fault detection.

Summary of the Invention

in accordance with one embodiment, a method and system is presented for
fault detection or prevention in a conirolier for an electric motor. For each phase of a
controfler, a pair of semiconductor swilches comprises a high side switch and a low
side switch. A direct current vollage bus provides electrical energy {o the
semiconductor switches (e.q., switchably via a direct current power switch). A
measuring circuit is adapled {0 measure the collector-emitter voltage or drain-source
voltage for each semiconductor swilch of the controller. A data processor
determines that a short circult in a particular semiconductor switch is present if the
measured collector-emitier voliage or measured source-drain voltage for the
particular sermiconductor switch is lower than a minimum threshold {e.g., during a
commanded off-slate of the particular semiconductor swilch or over at least one
complete cycle or waveform of an inverter driver signal) and if an observed current
associated with the particular semiconductor switch has an opposite polarity from a

normal operational polarity. A driver simulfaneocusly aclivates counterpart switches of
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fike direct current input polarity that are coupled ¢ other phase windings of the
glectric motor, other than the particular semiconductor swilch, to protect the slectric
motor from potential damage associated with asymmetric current flow (e.g., prevent

demagnetization of the permanent magnets in the slectric molor),

Brief Description of the Drawings

Fi. 1 is a block diagram of one embodiment of method and controller for
electric motor with faull detection.

Fi(s. 2 is a block diagram of another embodiment of method and controller for
electric motor with faull detection.

G, 3 is a flow chart of & first embodiment of a method for controlling an
slectrical motor with fault detection.

FIG. 4 is a flow chart of a second embodiment of a method for controlling an
electrical motor with fault detection.

FIG. 5 is a flow chart of a third embodiment of a method for controliing an
electrical motor with fault detection.

FIG. 8 is a flow chart of a fourth embodiment of a method for controlling an
slectrical motor with fault detection,

FiG. 7 is a flow chart of a fifth embodiment of a method for controlling an
electrical motor with fault detection.

FIG. 8 is a flow chart of a sixth embodiment of a method Tor contralling an
electrical motor with fault deteciion.

FIG. 9 is an illustrative table of vollage states of semiconductor switches,
corresponding output current for phase output nodes, corresponding faulls defected,

and corresponding corrective actions.

Descrintion of the Preferred Embodiment

An asymmetric current flow in the windings (44, 46, and 48) of a motor 45
refer {0 a condition where a direct current {(e.g., positive current or negative current)
or direct current offsel from one or more direct current terminals (64, 66) is

continuously applied o only one winding {44, 46, or 48} or one phase of the motor
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45. The asymmelric current flow may be referred to as an unbalanced current flow.
For example, the asymmelric current flow may result from a fault or short circuit in a
single semiconductor swiich of an inverter or controller. For certain molor 45
designs, an asymmetric current flow or unbalanced current flow may place the one
or more motor windings (44, 46, or 48) under thermal siress, may partially
demagnetize permanent magnets of the motor 45 over an extended period of time,
or may make the motor 45 susceptible to reduced longevity, among other things. For
example, the continuous input of direct current or a direct current offset to a winding
{44, 48, or 48} can resull in thermal stress or damage 1o the winding {44, 46, or 48)
that is typically rated or designed for allernating current input, or the discontinuous
input of electrical energy. Further, because one phase winding (44, 46, or48) has a
direct current offset from the other phase windings that is not coordinated with the
frequency of the alternating current applied 1o the other phases, the direct current
offsei can damage the motor 45 or slectrical machine, or demagnetize its permanent
magnels over time.

in accordance with one embodiment, FIG. 1 discloses a system, inverier or
controfler 11 for controlling an electric motor 45, where the controlier 11 is capable of
fault detection and prevention measures. The electric motor 45 may comprise an
irterior permanent magnet (IPM) motor 45 or another alternating current machine.
As fllustrated, the systern, aside from the motor 45, may be referred to as an inverter
or a motor controller 11 with fault detection.

in FIG. 1, the data processor 10 is coupled o a driver 12, The driver 12
comprises a semiconductor drive circuit that drives or conirois semiconductor
swilches (81, 82, 181, 182, 281, or 282) {0 generate control signals for an inverter
circuit. The inverter circuit (80, 180 and 280) converts a direct current inpul signal
from a direct current bus (64, 66} to one or more alternaling current culput signals at
output terminals (24, 124, and 224). The direct current bus (64, 66} provides electric
energy to the controller or inverter, including its semiconductor switches. In turn, the
inverier circuit is coupled to the molor 45 or molor windings (44, 46, and 48).
Although the molor windings (44, 46, and 48) are illustrated as Wye (Y) fed

configuration for flustrative purposes with a central ground connection 48, other
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arrangemenis are possible and fall within the scope of the claims.

in FIG. 1, the semiconductor switches (81, 82, 181, 182, 281, or 282) for the
multiple phases (e.g., first phase 80, second phase 180 and third phase 280)
collectively form an inverter cirouit in which direct current inputied o the inverler
circuit is inverted or transformed into one or more allernating current output signals
for application to a corresponding phase or winding (44, 46, or 48) of the slectric
motor 45.

The inverter circuil comprises power electronics, such as swilching
sermiconductors (81, 82, 181, 182, 281, or 282} {o generale, modify and conirol
pulse-width modulated signals or other alternating current signals (e.g., pulse,
square wave, sinusocidal, or other waveforms) applied to the motor 45, An cutput
stage of the inverier circuit provides a pulse~-width modulated signal or other
alternating current signal for control of the motor 45.

For each output phase (80, 180, and 280), the coniroller 11 or inverter
comprises a pair of semiconducior swilches (81, 82, 181, 182, 281, or 282). Inone
embodiment, the semiconductor swilches (81, 82, 181, 182, 281, or 282} may
comprise insulated gate bipolar transistors (IGBT), field effect iransisiors, power
transisiors, or other semiconductor devices.

First, the controller 11 or inverter comprises a first pair of semiconductor
switches (81, 82) including a high side switch (81} and a low side switch (82) for a
first phase 80 of the controlier 11, In the first phase 80, the high side swiich {81)
may be referred to as a high side switch because one of s switched oulput
terminals {e.g., collector 14 or drain, among culpul terminals (14, 24}) may be
connactad {0 a positive direct current terminal 64 of the direct current bus. The low
side switch (82) may be referred to as a low side swilch because one of its switched
output terminals {e.g., emilter 26 or source, among culput terminals (16, 26)) may be
connected to a negative direct current terminal 66 of the direct current bus.

Second, the controlier 11 or inverter comprises a second pair of
semiconductor switches (181, 182} including a high side switch {181) and a low side
switch (182} for a second phase (180) of the controller. In the second phase 180, the

high side switch (181} may be referred {0 as a high side swilch because one of its
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switched output ferminals {(e.g., collector 114 or drain, among output lerminals (114,
124}} may be connectled to a positive direct current terminal 64 of the direct current
bus. The low side switch (182) may be referred to as a low side swilch because one
of its switched oulpul terminals {e.q., emiller 126 or source, among outpul terminals
{116, 126)) may be connecled (o a negative direct current terminal 66 of the direct
current bus.

Third, the controller or inverter comprises a second pair of semiconductor
swiiches including a high side swiich and a low side swilch for a second phase of the
contraler. In the third phase 280, the high side switch (281) may be referred o as a
high side swilch because one of ifs swilched ouiput terminals {e.g., collector 214 or
drain, among output terminals {214, 224)) may be connected {o a positive direct
current terminal 64 of the direct current bus. The low side switch (282} may be
referred to as a low side swilch because one of its swilched output terminals (e.g.,
emitier 2286 or source, among output terminals (216, 226)) may be connected to a
negative direct current terminal 66 of the direct current bus.

Although FIG. 1 and FIG. 2 each illustrate a three-phase controlier for
controlling an electric motor 45, a controlier may generally have one or more phases
and a controller with two or more phases may be used o practice any embodiment
of this disclosure.

In one embodiment, the inverter circull, inverter or controller 11 is powered by a
direct current {(DC} voltage bus {84, 86, collectively). For example, in FIG. 1 a direct
current voltage bus (64, 66) is coupled to collector and emitter terminals or source
and drain terminals of the semiconductior switches (81, 82, 181, 182, 281, or 282)
for each phase. The input terminal (18, 20, 118, 120, 218, and 220) of each
semiconductor switch (81, 82, 181, 182, 281, or 282} is coupled {o the driver 12.
The input terminal (18, 20, 118, 120, 218, and 220) of each semiconductor switch
may comprise a gale or a base, for example. The output terminal (24, 124, 224} of
gach semiconductor swilch is coupied to a terminal of & molor winding (44, 46, or
48). The oulput terminal (24, 124, 224) of each phase may be localed al the junction
of the high side switch and the low side switch for a paricular phase. kach different
phase (80, 180, 280) of the motlor 45 may be associated with a corresponding motor
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45 winding (44, 46, or 48).

As shown in FIG. 1, a protecting diode (28, 30) may be coupled belween the
collector and emitter (or the source and drain} of each semiconductor switch (81, 82,
181, 182, 281, or 282) to limit the current flowing in between the collector and emitter
{or output terminals) during transient stales in which the semiconductor switch is
deactivated or activated.

A measuring circuit or voltage sensor (32, 34} is coupled between the
collector and emitter terminals or the source and drain terminals of the
semiconductor switches (81, 82, 181, 182, 281, or 282} for each phase (80, 180,
280). Each voltage sensor (32, 34) is adapted to measure the collector-emilter
voltage or source-drain vollage for each semiconductor switch of the controller 11, |
the detecied collector-emitter voltage or source-drain voltage for an inactive {e.g.,
switched off) semiconducior switch (81, 82, 181, 182, 281, or 282} is less than a
threshold voltage level, the semiconducior device (81, 82, 181, 182, 281, or 282)
may have a short circult or a greater than typical leakage current, which potentially
indicates an imminent short circuit faillure mode of the semiconductor device. The
data processor 10 may use the cutput of one or more voltage sensors (32, 34) to
estimale the current flowing within a respective winding (44, 46, or 48} for a
corresponding phase of the inverter or controller 11,

Each voliage sensor (32, 34} or measuring circuif provides a high input
impedance relative to the semiconductor switch (81, 82, 181, 182, 281, or 282} and
the motor winding (44, 46, or 48) such that the voltage sensor (32, 34) or the
measuring circuit does not perturb the performance of the semiconducior switch or
draw material current {e.q., emitter current or collector current) from the
semiconductor switch or the winding (44, 46, or 48). In one embaodiment, the voltage
sensor (32, 34) or the measuring circuit may comprise a high impedance voltage
meter or voltage sensor. For example, the measuring circuit may comprise a high
impedance vollage sensor that is uses one or more operational amplifiers for
comparison of an input voliage o a reference voltage. The reference vollage may be
provided by a baltery, a vollage regulator, or a Zener diode, for example. In one

configuration, the cutput of the voltage sensor may be coupled © an analog-to-digital
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converier to provide a suitable digital input for the dala processor 10.

The measuring circuit or voltage sensor (32, 34) may provide an analog
output or a digital outpul. As shown in FIG. 1 sach voltage sensor (32, 34} is
coupled to the dala processor 10 o provide a digital oulput thereto. If the voltage
sensor (32, 34) or measuring circuit provides an analog culpul, an analog-to-digital
converter may be interposed between the vollage sensor (32, 34) and the inpuis of
the data processor 10. The measuring circuit or voltage sensor (32, 34) is capable of
detecting greater than normal leakage current when the semiconductor swilch (81,
82, 181, 182, 281, or 282} is deactivated or furned off. Accordingly, the measuring
circuit or voltage sensor is well suited for providing an early warning of a lafer
complete fault or short circuit in the semiconducior swilch or protecting diode (28,
30}, such that current initially associated with the early detected short circuit or fault
may be insufficient to damage the motor 45 or electrical machine. In some cases,
the data processor 10 may lower {e.g., slightly, but with suitable bias {o activate or
turn on the switch) the input voltage to the gate or base input of the semiconductor
switch {82, 181, 182, 281, or 282) with a greater than typical or normal leakage
current to ensureg the semiconductor device is operating within a desired operational
zone that minimizes any faull or short circuit current in the switched output terminals
of the semiconductor device,

in one configuration, current sensors (89, 159, 258) are coupled to
corresponding terminals (24, 124, 224) of the respective phase oulpui nodes. kach
current sensor (59, 159, 2598) measures or senses current magnitude at the phase
output node, the polarity {e.g., sense or direclion) of the current flowing at the phase
output node, or both (collectively or individually "measured current”). If the current
sensor {58, 158, 259) provides an analog oulput of the measured current, the analog
output of each current sensor (58, 158, 259 is coupled {o an analog-to-digital
converter 255 that is interposed between the current sensor oulput and the data
processor 10. Here, the connections belween the analog-to-digital converter 255
and the current sensors (59, 159, 259) are illustrated by the mating pairs of arrows
with common reference letters, A, B, and C in FIG. 1. However, if the current sensor

{59, 159, 258) provides a digital output of the measured current in an allernate
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embodiment, the analog-to-digital converier 255 can be omitied, where the current
sensor output is connected directly to the data processor 10, or via buffer memory.

Each current sensor {59, 159 and 259} provides an indicator {8.g., current
polarity indicator, current magnitude, or both} of the measured current indicative of
whether or not the measured or observed phase oulput node current (asscciated
with a moior winding (e.g., 44, 46, 48} coupled to the particular semiconductor
switch) has an opposite polarity from a normal operational polarity. The observed
current polarity may be different or opposite from the normal operational polarity if
any of the semiconductor switches or diodes (28, 30) fails as a short circuil or breaks
down from the flow of reverse current or current of opposite polarity {o the normal
current, for example.

Although one current sensor (58, 159, 259) per phase output node {8.g., 24,
124, 224 is shown in FIG. 1, in an alternate embodiment the total number of current
sensors may be limited to N- 1, where N is equal to the number of phases of the
glectic motor 45, In such an alternate embodiment, the data processor 10 is
adapted {0 estimate or calculate the observed current in the phase oulput node {e.qg.,
terminal 24) without a sensor from the other cutput nodes with sensors {e.g., two
current sensors 59, 158) in accordance with electrical nelwork analysis, such as
Kirchhoff's law.

The driver 12 provides digital signals for activating the semiconductor
switches (82, 181, 182, 281, or 282) in accordance with a desired input signal or
control signals from the dala processor 10. For example, during operation of the
motor 45 in an operational mode, the input signal may comprise a sinuscidal signal,
a square wave signal or ancther signal. During a diagnostic mode or a test mode,
the input signal may provide input signals or control signals o selectively activate
one or more of the semiconductor switches (82, 181, 182, 281, or 282} to prevent
damage o motor winding (44, 46, or 48)s or permanent magnets of the molor 45.

in one embodiment, the data processor 10 may comprise an elecironic dala
processor, a microprocessor, a microcontrolier, a programmable logic array, a logic
circuit, an arithmetic logic unit, an application specific integrated circuit, a digital

signal processor, a proportional-integral-derivative (PID) controlier, or ancther data
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processing device. Further, the data processor 10 may be coupled o a dala storage
device 67 via a data bus 69.

The data storage device 67 may comprise electronic memory, nonvolatile
random access memory, an optical storage device, a magnelic storage device, a
hard disk drive, an optical disc drive, or another device for storing digital data or
analog data. The data storage device 67 may store a look-up table, data base, file,
inverted file, or another data structure with voliage threshold levels that indicate a
short circuit or fault in a semiconducior swiich (82, 181, 182, 281, or 282} and
corresponding swiich stales 1o be activated in the event of a fault or short circuif of a
particular sermiconductor switch (82, 181, 182, 281, or 282}

in one illusirative example, the data processor 10 determines that a short
circuit in a particular semiconductor switch is present if the measured colliector-
emitter voltage or measured source-drain voltage for the particular semiconductior
switch is lower than a minimum threshold {e.g., over at least one complete cycle or
waveform of an inverter driver 12 signal} or approaches zero volts over a sampling
period. if a faull or short is detecled in the particular semiconductor swiich, a driver
12, or logic control circuit therein, simultaneously activates counterpart switches of
like direct current input polarity (e.g., all low side swilches (82, 182, 282) or all high
side swilches (81, 181, 281)) that are coupled to other phase windings (44, 46, or
48} of the electric motor 45, other than the particular semiconductor swilch o prevent
damage o the motor 45, such as the motor windings (44, 46, or 43} or
demagnetizalion of the permanent magnels in the electric motor 45. For example,
swiiches {e.g., counterpart switches) of like direct current input polarity means
sermiconducior swilches that are connected {o the direct current bus in the same
manner or a substantially similar manner with respect to their ocutput lerminals (e.g.,
collector and emitter terminals of transistors with same junclion materials biased in
the same general manner and with the same polarity}.

in one example of executing a protective measure {o prevent damage o the
motor 45, the data processor 10 instructs the driver 12 {0 simultaneously activate
{e.g., turn on} all high side semiconductor switches for each phase if the data

processor 10 detects a short or fauit in one high side semiconductor switch via

@O
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sensor data from the voltage sensor (32, 34). Conversely, in another example, the
data processor 10 instructs the driver 12 to simultaneously activate (e.g., turm on) all
low side semiconductor switches for each phase if the data processor 10 detecis a
short or fault in one low side semiconductor switch. The data processor 10 may keep
the simultaneously activation of the semiconductor switches (e.g., high side switches
or iow side swilches) until the direct current bus is switched off, deactivated, or less
than a threshold voltage level (e.g., 80 Volis direct current), where the threshold
voltage level is a motor 45-dependent or machine-dependent variable that is
selected {o avoid damage o the motor 45, Further, the data processor 10 may keep
the activation of the counterpart swilches of like direct current input polarity, until the
power to the inverter is recycled, or until the direct current power swilch 28 is cycled
off and on at least once.

FIG. 2 illustrates an alternative embaodiment of a controller 111 or inverter with
tault detection for controlling an electric motor 45, For example, the controller 11 or
inverier of FIG. 2 is well suited for conlroliing a switched reluctance motor 15. The
contrafler 111 or inverter of FIG. 2 is different from FIG. 1 because of various
modifications that facilitate control of a switched reluctance motor 15, For exampls,
the inverter circuit (53, 153 and 253 colleclively) of FIG. 2 features additional diodes
(31, 45, 55) and does not have an output that is formed by connection of the cutput
terminals of a low side semiconductor switch and a high side semiconductor switch.
Further, the controller 111 of FIG. 2 has current  a rotor or shaft position sensor 17,
and one or more winding temperature sensors 18, among other things. Like
reference numbers in FIG. 1 and FIG. 2 indicate like elements.

in FiG. 2, the data processor 10 is coupled o a driver 12, The driver 12
comprises a semiconductor drive circuil that drives or controls switching
semiconductors (35, 37, 135, 137, 235, 237} to generate control signals for each
phase {e.g., 53, 153, 253) of an inverter circuit. As illustrated, the inverter circuit
comprises the circuitry and semiconductor swilches (35, 37, 135, 137, 235, 237)
associated with a first phase 53 ("Phase A"}, a second phase 153 ("Phase B"yand a
third phase 253 ("Phase C"}. The inverter circuil converts a direct current input

signal from a direct current bus (84, 66 collectively) {o one or more allernating

10
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current oufpul signals for output al cutpul terminals (39, 43, 139, 143, 239, and 243).
In turn, the inverter circuit is coupled to the motor 15 or motor windings {21, 22 and
23). The controller 111 of FIG. 2 comprises a controller for a switched reluctance
motor 15 with three separate windings (21, 22, and 23) for three corresponding
phases: Phase A, Phase B and Phase C.

In FIG. 2, the semiconductor switches (35, 37, 135, 137, 235, 237}, protecting
dicdes (28, 30), supplemental diodes (31, 45, 55, 131, 145, 155), voltage sensors
(32, 34} for the multiple phases (83, 153, 253) collectively form an inverter circuit in
which direct current voltage inputted {o the inverter circuit is inverted or transformed
into one or more alternating current output signals for application to a corresponding
phase or winding (21, 22, or 23) of the electric motor 15, The inverter circuit
comprises power slectronics, such as switching semiconductors (35, 37, 135, 137,
238, 237} o generate, modify and control pulse-width modulated signals or other
alternating current signals {e.g., pulse, square wave, sinuscidal, or other waveforms)
applied o the motor 15. An oulput stage of the inverter circult provides a pulse-width
modulated signal or other alternating current signal for control of the motor 15,

For sach oulput phase (53, 153, 253) the controlier 111 or inverter comprises
a pair of semiconducior swiiches {e.qg., a first pair 35, 37; a second pair 135, 137,
and a third pair 235, 237). Each semiconductor switch (35, 37, 135, 137, 235, 237)
may comprise an insulated gate bipolar transistor (IGBT), a field effect transistor, a
power fransistor, or ancther semiconductor device.

First, in the first phase 53 ("Phase A") the controller 111 or inverter comprises
a first pair of semiconductor swilches (35, 37} including a high side switch 35 with its
output terminals (33, 398) coupled in series with a low side diode 131 and a low side
swiich 37 with its ouiput terminals (43, 47) coupled in series with a high side diode
31 for the first phase 53 of the controlier 111. For the first phase 53, a high side
semiconductor switch 35 has its culput terminals (33, 38) coupled in parallel with a
protecting diode 28 and a voltage sensor 32, whereas a low side semiconducior
switch 37 has its output lerminals (43, 47) coupled in parallel with a protecling diode
3C and voltage sensor 34,

Second, in the second phase 153 ("Phase B") the controlier 111 or inverter

11
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comprises a first pair of semiconducltor swilches (135, 137) including a high side
swifch 135 with its culput terminals (133, 139) coupled in series with a low side diode
145 and a low side switch 137 with its culputl terminals (143, 147) coupled in series
with a high side diode 45 for the second phase 153 of the controller 111, For the
second phase 153, a high side semiconductor switch 135 has its cutput terminals
{133, 139} coupled in parallel with a protecting dicde 28 and a vollage sensor 32,
whereas a low side semiconductor switch 137 has its output terminals (143, 147)
coupled in parallel with a protecting diode 30 and vollage sensor 34.

Third, in the third phase 253 ("Phase C"} the controller 111 or inverter
comprises a first pair of semiconductor swilches (235, 237} including a high side
swilch 235 with its output terminals (233, 238) coupled in series with a low side diode
155 and a low side swiich 237 with its ouiput terminals (243, 247) coupled in series
with a high side diode 55 for the third phase 253 of the controller 111, For the third
phase 253, a high side semiconductor switch 235 has its cutput ferminals (233, 238)
coupled in parallel with a prolecting diode 28 and a voltage sensor 32, whereas a
low side semiconductor switch 237 has its oulput terminals (243, 247} coupled in
parallel with a protecting diode 30 and voltage sensor 34.

As used throughout this document, the output terminais comprise controlled
or swilched terminals, such as the cdllecior and emitier of & semiconductor switch, or
the drain and source of a field effect ransistor. Similarly, as used herein, the control
terminals comprise a base of a tfransistor or gate of a field effect transistor. Although
FIG. 1 and FIG. 2 each illustrale a three-phase conirolier for controliing an electric
motor (45 or 15}, a coniroller may generally have one or more phases and a
controller with two or more phases may be used to practice any embodiment of this
disclosure.

i one embodiment, the inverter circull or inverter is powered by a direct
current {OC) voltage bus (64, 66 collectively). For example, in FIG. 2 a direct current
voltage bus (64, 66) is coupled o collector and emitter terminals of each pair of
semiconductor switches, or source and drain terminals of the semiconductor
swiiches for each phase. A capacitor 13, such as an elecirolylic capacitor may be

coupled between the voltage rails or terminals of the direct current voltage bus (84,
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66} to smooth or reduce ripple (e.g., an allernating current component} in the direct
current or o otherwise filler the direct current.

The input terminal or control ferminal (A1, A2, B1, B2, C1, C2) of each
semiconductor switch (35, 37, 135, 137, 235, 237) is coupled (o the driver 12. The
input terminal or control terminal of each semiconductor switch (35, 37, 135, 137,
238, 237 may comprise a gate or a base, for example. The oulput terminal of each
semiconductor switch is coupled 1o a terminal of a motor 15 winding (21, 22, or 23).
Each different phase of the motor 15 may be associated with a corresponding motor
winding (21, 22, or 23).

A first terminal of a first motor winding 21 (for Phase A) may be coupled o an
emitter or output terminal 39 of the high side semiconductor switch 35 of the first
phase 53 and second terminal of the winding 21, opposite of the first terminal, may
be coupled to a collector or ouiput terminal 43 of a low side semiconducior switch 37
of the first phase 53, A first terminal of a second motor winding 22 (for Phase B)
may be coupled to an emitler or oulput terminal 139 of the high side semiconductor
swiich 135 of the second phase 153 and second terminal of the winding 22, opposite
of the first terminal, may be coupled {o a collecior or output terminal 143 of a low
side semiconductor switch 137 of the second phase 153. A first terminal of a third
motor winding 23 (for Phase C) may be coupled o an emilter or cutpul terminal 238
of the high side semiconductor swilch 235 of the third phase 253 and second
terminal of the winding 23, opposite of the first terminal, may be coupled to a
collector or output terminal 243 of a low side semiconductor switch 237 of the third
phase 253.

As shown in FIG. 2, a protecting diode (28, 30) may be coupled between the
collector and emitter (or the source and drain} of each semiconductor switch (35, 37,
135, 137, 235, 237} to limit the current flowing in between the collector and emitter
during transient states in which the semiconductor switch is deactivated (e.g.,
switched off) or aclivated {e.g., switched on).

A high side vollage sensor 32 or measuring circuit is coupled betwesen the
output terminals (33, 38, 133, 138, 233, 239) of each high side semiconductor

swiich, where the oulput terminals may comprise collector and emitter {erminais or
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the source and drain terminals of the semiconductor switches for each phase (53,
153, 253). Alow side voltage sensor 34 or measuring circuit is coupled between the
output terminals (43, 47, 143, 147, 243, 247) of each high side semiconductor
swiich, where the output terminals may comprise collector and emitter terminais or
the source and drain ferminals of the semiconductor swilches for each phase (53,
153, 253). The vollage sensors (32, 34) are adapted o measure the collecior-
amitier voltage or source-drain voltage for each semiconductor switch of the
controfler 111, Each high side voitage sensor 32 or measuring circuit provides a
high input impedance relative to the high side semiconductor switch (35, 135, 235)
and the windings such that the voltage sensor 32 or measuring dircuit does not
perturb the performance of the semiconductor swilch or draw material current (8.g.,
emitter current or collector current) from the semiconductor swilch. Each low side
voltage sensor 34 or measuring circuit provides a high input impedance relative {o
the low side semiconductor switch (37, 137, 237) and the windings such that the
voltage sensor 34 or measuring circuil does not periurb the performance of the
sermiconductor swilch or draw material current {(e.g., emitter current or collector
current} from the semiconductor switch. In one embodiment, the vollage sensor (32,
34 or measuring circuit may comprise a high impedance voitage meter or voltage
sensor. For example, the measuring circuit may comprise a high impedance vollage
sensor that is uses one or more operatlional ampiifiers for comparison of an input
voltage to a reference voltage.

The voltage sensor {32, 34) or measuring circuil may provide an analog
output or a digital outpul. As shown in FIG. 2 each measuring circuil is coupled o
the data processor 10 to provide a digital output thereio. If the voltage sensor (32,
34) measuring circuit provides an analog oulput, an analog-to-digital converter may
be interposed between the voltage sensor {32, 34} and the inpuls of the data
processor 10.

The driver 12 provides digital signals for aclivating the semiconducior
switches (35, 37, 135, 137, 235, 237) in accordance with a desired inpul signal or
control signals from the data processor 10, For example, during operation of the

motor 15 in an operational mode, the input signal may comprise a sinuscidal signal,
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a sguare wave signal or another signal. During a diagnostic mode or a test mode,
the input signal may provide input signals or control signals to selectively activate
one or more of the semiconductor switches (35, 37, 135, 137, 235, 237} to prevent
damage to one or more motor windings (21, 22, 23} or one or more permanent
magnets of the motor 15.

A data processor 10 determines that a short circuit or fault in a parlicular
semiconductor switch (35, 37, 135, 137, 235, 237) is present if the measured
collector-emitter voltage or measured source-drain voltage (by the vollage sensor
{32, 343} for the particular semiconductor switch is lower than a minimum threshold
{e.g., over al least one complete cycle or waveform of an inverter driver 12 signal} or
approaches zero during a sampling period. A driver 12 or a logic control circuit
simultanecusly activates counterpart swilches of like direct current input polarity that
are coupled o other phase windings (21, 22, or 23} of the electric motor 15 than the
particular semiconductor switch (35, 37, 135, 137, 235, 237) to prevent
demagnetization of the permanent magnels in the electric motor 15.

in FIG. 2, the motor 15 is associated with a position sensor 17 {e.g., a position
sensor, a resclver or encoder position sensor) that is associated with the motor shaft
or the rofor of the motor 15. For example, the position sensor 17 may comprise a
magnetic field sensor {e.q., Hall Effect sensor) that detects a shaft or rolor position of
a magnet secured to the shafl. The position sensor 17 provides position data,
velocity data, or acceleration data for the shafi or rotor of the motor 15. The position
data, velocily data or acceleration dala can be provided from the posilion sensor 17
to the data processor 10 {e.g., in a digital format or analog format). For example, the
position sensor 17 provides position data for a corresponding time instant {o the data
processor 10

in one configuration, the position sensor 17 may comprise one or more of the
following: a direct current motor, an optical encoder, a magnetic field sensor {e.g.,
Hall Effect sensor), magneto-resistive sensor, and a resoiver (2.g., a brushless
resolver). The output of the sensor is capable of communication with a position and
speed processing module (8.9., slectronic or software module} in the dala processor

10. In one embodiment, the sensor 17 may be coupled {0 an analog-to-digital
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converier (notl shown) that converis analog position dala or velocity data to digital
position or velocily data, respectively. in other embodiments, the sensor (e.g., digital
position encoder) may provide a digital data oulput of position data or velocity data
for the motor shaft or rotor.

One or more current sensors (89, 189, 259) and one or more winding
temperature sensors 19 provide feedback data to the data processor 10 for
processing. For example, a current sensor (58, 158, 258) is associated with each
phase or winding (21, 22, 23) of the motor 15, The current sensor (§9, 158, 259)
provides feedback data (e.g., current feedback data or phase output node current,
such as iy, iy, ic), among other possible feedback data or signals, for example. In
FiG. 2, phase oulpul node current is present at terminals (38, 138, 238, 43, 143,
243}, where a current sensor may be assigned (o each terminal of a motor winding
(21, 22, 23} or to each motor winding (21, 22, 23}

Although one current sensor (58, 159, 258) per phase oulput node or per
motor winding (21, 22, 23) is shown in FIG. 1, in an alternale embodiment the tolal
number of current sensors may be limited fo N- 1, where N is equal to the number of
phases of the elactric molor 15, In such an alternate embodiment, the data
processor 10 is adapted o estimale or calculate the observed current in the phase
output node {e.g., 39 or 43) without a sensor from the other oulput nodes with
sensors {e.g., two current sensors 58, 159} in accordance with electrical network

analysis, such as Kirchhoff's law.

As fllustrated in FIG. 2, one or more winding lemperature sensors 19 provide
winding sensor measurements, winding temperature data, winding sensor data, or
thermal data, thermal measurements or thermal signals to the data processor 10 for
processing. The temperature sensors 19 may provide temperature data or thermal
data o rotor magnet temperature estimation module in the data processor 10. In
turn, the temperature estimation module in the data processor 10 may scale or
adjust one or more outputs of the inverler to compensaie for inefficiency or reduced
performance associated with thermal degradation.

Other possible feedback data includes, but is not limited {o, semiconductor
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temperature readings of the inverier circuil, three phase vollage dala, or other
thermal or performance information for the motor 15.

The method of FIG. 3 begins in step S300.

In step S300, a voliage sensor {32, 34) or another measuring circuit measures
the collector-emitter voltage or source-drain voltage for each semiconductor switch
{e.g., 81, 82, 181, 182, 281, 282, 35, 37, 135, 137, 235, 237) of a controller {11 or
11}

in step 8302, a data processor 10 or logic circuit determines that a short
circuit in & particular semiconductor switch {e.g., 81, 82, 181, 182, 281, 282, 35, 37,
135, 137, 235, 237) is present if the measurad collector-emitier voltage or source-
drain voliage for the particular semiconductor switch is lower than a minimum
threshold during a commanded off-state of the particular semiconductor switch {e.g.,
over at least one complete cycle or waveform of an inverter driver 12 signal} or
approaches zero volis for a sampling period and if an observed current associated
with the particular semiconductor switch has an opposite polarity from a normal
gperational polarity. For example, in slep 5320, a data processor 10 or logic circuit
determines that a short circuit in a particular semiconductor switch (e.g., 81, 82, 181,
182, 281, 282; or 35, 37, 135, 137, 235, 237} is presenti if the measured collector-
emitter voltage or source-drain voltage for the particular semiconductor swilch is
lower than a minimum threshold during & commanded off-state of the particular
semiconductor switch or approaches zero volis for a sampling period and if an
observed phase output node current (associated with a molor winding (e.g., 44, 46,
48; or 21, 22, 23} coupled to the particular semiconducior swilch) has an opposiie
polarity from a normal operational polarity.

In step S304, the dala processor 10, the driver 12 or both simuliangousiy
activate {2.g., turn on} counterpart switches of like direct current (DC) input polarity
that are coupled o other phase windings (e.g., 44, 46, 48, 21, 22, 23) of the slectric
motor {e.g., 45 or 15), other than the particular semiconductor switch, if the short
circuil is determined {0 be present, to prevent damage to the molor, such as
demagnetization of the permanent magnets in the eleclric motor or thermal damage

to the windings of the motor. Step 8304 may be carried out by various technigques
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that may be applied alternately or cumulatively. Under a first technigue, if the short
circuit is detected in a high side swiich, then all other high side switches are
activated. Under a second technique, if a short circuit is detected in a low side
swiich, then all other low side switches are activated. Under a third fechnigus, if the
data processor 10 detects a short circuit or fault in a high side switch from voltage
readings of the voltage sensor 32, then the data processor 10 instructs the driver 12
to activate {e.g., turn on} one or more {e.g., all) other high side swiiches of the
inverter {11 or 111). Under a fourth technigue, if the data processor 10 delecis a
short circuit or fault in a low side swilch from voltage readings of the vollage sensor
34, then the data processor 10 instructs the driver 12 to activate (e.g., turmn on} one
or more {e.q., all} other low side swifches of the inverter {11 or 111). Under a fifth
technigue, if the data processor 10 detecis a short circuit or fault in a high side
switch from voliage readings of the voltage sensor 32, then the data processor 10
instructs the driver 12 {0 aclivate {e.g., turn on) one or more {e.g., ail} other high side
switches of the inverter (11 or 111}, until the direct current power swilch 29 is cycled
{e.g., deactivated and activated in succession) as observed or directed by the data
proecessor 10, Under a sixth technigue, if the data processor 10 detects a short circuit
or faull in a low side swilch from voltage readings of the voltage sensor 34, then the
data processor 10 insiructs the driver 12 to aclivate {e.g., tum on) one or more {e.g.,
all} other low side swiiches of the inverter (11 or 111}, until the direct current power
switch 29 is cycled {e.g., deactivated and aclivated in succession) as observed or
commanded by the data processor 10.

The method of FIG. 4 is similar to the method of FIG. 3, except the method of
FiG. 4 further comprises step S306.

In step S306, the dala processor 10 verifies that the short circuit of the
particular swilch is present where the particular semiconductor switch {e.q., 81, 82,
181, 182, 281, 282, 35, 37, 135, 137, 235, 237} remains in a closed stale where no
bias voltage or guiescent slale bias voltage is provided to the base or gate of the
semiconductor switch from the driver 12 or otherwise. For example, the data
processor 10 and the driver 12 removes the bias vollage from the base or gate of a
particular semiconductor switch (e.g., 81, 82, 181, 182, 281, 282, 35, 37, 135, 137,
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235, 237) and then the voltage sensor (32, 34) measures whether the voltage drop
across the output terminals {e.g., collector-emifter voltage (Vee)) of the switch is
below a threshold minimum voltage, is minimal, or approaches zerc volis for a
sampling period.

The method of FIG. 5 is similar {o the method of FIG. 3, except the method of
FIG. & further comprises step $308.

in step 3308, the data processor 10 verifies that the short circuit of the
particular semiconductor switch (e.q., 81, 82, 181, 182, 281, 282, 35, 37, 135, 137,
235, 2371 is present where the particular semiconductor switch does not enter info
an gpen state, indicated by a coliector-emitter voliage or source-drain vollage
exceeding a maximum threshold, wherain no bias voliage or a quiescent state bias
voltage is provided to the base or gate of the semiconductor switch. For example,
the switch does not enter the open state and has a short circuit if the data processor
10 and the driver 12 removes the bias voliage from the base or gate of a particular
switch while the voltage sensor (32, 34) measures voltage drop across the cutput
terminals of the switch, where the collector-emitier vollage or the source-drain
voltage is less than the maximum threshold {e.g., where a greater than typical or
normal leakage current {2.g., Ic) is flowing belween the output terminals of the
particular semiconductor swilch). Conversely, during normal operation, the switch
enters the open state and does not have a short circuit if the data processor 10 and
the driver 12 removes the bias vdltage from the base or gate of a particular switch
while the voltage sensor (32, 34) measures vollage drop across the output terminals
of the swilch, where the coliector-emitter voltage or the source-drain vollage exceeds
the maximum threshold {e.g., where a less than typical or normal leakage current
{.9., o) is flowing between the oulpul terminals of the particular semiconductor
switch}.

The method of FIG. 8 is similar to the method of FIG. 3, except the method of
FIG. 4 further comprises step S310.

in step 5310, the data processor 10 sends a signal o remove direct current
bus power {0 the confrolier upon detection of the faull. For example, the dala

processor 10 sends a control signal to the direct current power switch 29 1o open o
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remove power o the direct current bus.

The method of FIG. 7 is similar {o the method of FIG. 3, except the method of
FIG. 4 further comprises step S312.

In slep $312, untii power o the controller (e.q., inverter) is recycled (e.g.
turned off and on), the data processor 10, the driver 12, or both, simultaneously
activate counterpart switches of like direct current input polarity that are coupled {o
other phase windings {2.g., 44, 46, 48, 21, 22, 23) of the electric motor (e.g., 15 or
45} than the particular semiconductor switch {o prevent damage to the motor, such
as thermal damage 1o one or more motor windings or demagnetization of ong or
more permanent magnets in the electic motor {e.g., 15 or 45).

The method of FIG. 8 is similar {¢ the method of FIG. 3, except the method of
FIG. 4 further comprises step §314.

in step 5314, the data processor 10 stores one or more of the following items
in a data storage device 87 a list, file, inverted file, database, look-up table, or data
struciure of faull conditions, corresponding coliector-emiiter voltages, and
corresponding controlled switch states for high side and low side of each phase for
refrieval for determining which switches o aclivate in response ¢ a detected short
circuit or fault.

FiG. 9 is an illustrative table of voltage states of semiconducior swilches,
corresponding output current for phase output nodes, corresponding faults delected,
and corresponding corrective actions. The illustrative table may be slored as a look-
up table, a file, an inveried file, a relational database, or ancther data structure in the
data storage device 67. The same iilustrative table may be applied, serially or, in
some cases, simultaneously, to each phase of the inverter circuit or controlier (11 or
111). The first column 901 specifies the current polarity of the phase oulpul node or
at a winding terminal of the molor winding. The second column 802 specifies a
corresponding high side gate command or logic level signal applied o a
semiconductor switch of a given phase of the inverier, whereas the third column 803
specifies the low side gale command or logic level signal applied to a semiconductor
swiich of a given phase of the inverter. The fourth column 904 specifies the high

side collector-emitter voltage (VCE) for a high side semiconductor switch, whereas
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the fifth column 905 specifies the low side collector-emitter voltage (VCE) for a low
side semiconductor switch. The sixth column 906 specifies the corresponding
condition, including any fault or short circuit states of a semiconductor switch or
associated diode coupled fo the semiconductor switches cutput terminals. The
seventh column 907 specifies the corresponding response {o prevent damage {o the
controfler or the motor, Each row (851, 852, 953, 954, 955, 856 and 957) provides a
set of corresponding stales that are associated with a respective condition in the
sixth column 806, a respective response in the seventh column 907, or both.

in the first column 801, if the normal current polarity is negative (-}, the
opposite current polarity is positive {+}, and vice versa. Although the second column
802 and the third column 803 each specify a gate command, a base command may
be substituted for the gate command. The driver 12 oulputs the gate or base
commands as previously described. Similarly, the reference 1o the "IGBT" or
insulated gate bipolar transistor may be substituted for ancther suitable
semiconductor device or semiconducior swilch (e.g., 81, 82, 181, 182, 281, 282).

The method and system is well-suited for detecting a fault or short circuit in
particular semiconducior switch of the inverter or controller to prevent damage o the
motor connected {o the inverter. For example, upon detection of a faull or short
circuit in a semiconductor switch, the data processor may activate other
semiconductor switches of like direct current polarity to eliminate or prevent an
asymmetric current flow between two or more phases of the motor that may lead o
motor damage or degradation of permanent magnets of the motor.

Having described the preferred embodiment, it will become apparent that
various modifications can be mads without departing from the scope of the invention

as defined in the accompanying claims.
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The following is claimed:
1. A method for providing fault protection of a controller of an slectric motor, the msthod
COMpPrsing:

measuring the collector-emilier voltage or source-drain vollage for each
semiconductor swilch of a coniroller;

determining that a shori circuit in a particular semiconducior switch is presant if the
measured collector-amitier vollage or source-drain voltage for the particular semiconductor
switch is lower than a minimum threshold during a commanded off-siate of the particular
semiconducior switch and if an observed current associated with the particular
semiconductor swiich has an opposite polarity from a normal operational polarnty; and

simultaneously activaling counterpart switches of like direct current input polarity that
are coupled o other phase windings of the electric motor, other than the particular
semiconductor swilch, if the short circuil is delermined 1o be present, 1o protect the molor

from damage associated with asymmetric current flow in ils windings.

2. The method according 1 claim 1 wherein the short circuit in the particular semiconductor
swiich is a high-side swiltch of one phase of the conirolier and wherein the activated
counterpart switches of like direct current input polarity comprise high-side swiiches of the

other phase or phases of the outpul of the controller,

3. The method according to claim 1 wherein the short circuit in the particular semiconductor
swiich is a low-side swilch of one phase of the controller and wherein the activated
counterpart switches of like direct current input polarity comprise low-side swilches of other

phase or phases of the oulput of the controlier.
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4. The method according to claim 1 further comprising:
verifying that the short circuil the particular switch is present where the parlicular
semiconductor swilch remains in a closed stale wherain no bias vollage or a quiescent slate

bias voliage is provided {o the base or gate of the particular semiconductor switch,

5. The method according to claim 1 further comprising:

verifying that the shori circuit the particular semiconducior switch is present where
the particular semiconductor swilch does not enter into an open siale, indicaled by a
collecior-emitier vollage or source-drain voltage exceeding a maximum threshold, wherein
ne bias vollage or a guiescent state bias voltage is provided 1o the base or gate of the

particular semiconductor swilch,

8. The method according 1o claim 1 further comprising:
sending a signal to ramove direct cuirent bus power 1o the controller upon detection

of the faull.

7. The method according o claim 1 further comprising:

unitil power is cycled, simuitanecusly aclivaling counterpar! switches of like direct
current input polarity that are couplad to other phase windings of the elactric motor, than the
particular semiconductor swilch, to prevent thermal data 1o one or more windings or

demagnetization of one or mors permanent magneis in the selectiic motor,

8. The method according to claim 1 wherein the activating further comprises:
storing in a data storage device a list, look-up table, Tile, invertad file, database or

data structure of fault conditions, corresponding collector-emitter voltages, and
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corresponding controlled switch states for high side and the low side of each phass for
relrieval for delermining which switches 1o aclivale in response o a detected short circuit or

fault in the parlicular semiconductor swilch.

9. The method according to claim 1 wherein the determining further comprises delernmining
that a short circuit in a particular semiconductor switch is present if the measured collector-
emitter vollage or source-drain vollage for the particular semiconductor switch is lower than
a minimurm threshold over at least one complele cycle or waveform of an inverier driver

signal.

10, A system for providing Tault protection of a controller of an electric motor, the sysiem
comprising:

a firsi pair of semiconductor swiiches comprising a high side swilch and a low side
switch for a first phase of the controlier;

a second pair of semiconductor switches comprising a high side switch and a low
side swiich for a second phase of the conirolien;

a direct current voltage bus coupled 1o collecior and emitier tlerminals, or source and
drain terminals, of the semiconducior switches;

a measuring circuit for measuring the collector-emitier voltags for each
semiconducior switch of the controlier;

a daia processor for determining that a shori circutt in a particular semiconductor
swilch, among the semiconductor switches, is present i the measured collector-emitler
voltage or measured source-drain voltage for the particular semiconductor switch is lower
than a minimum threshold during a commanded off-stats of the particular semiconductor

switch and if an observed current associated with the particular semiconductor switch has an
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opposite polarity from a normal operational polarity; and

a driver, conirolied by the dala processor, for simullaneously aclivaling one or more
counterpart switches of like direct current input polarity that are coupled 1o at least one other
phase winding of the eleciric motor, other than the particular semiconducior swilch, if the
short circuil is determined to be present, o protect the motor from asymmetric current flow in

its windings.

11. The syslem according to claim 10 wherein the short circuit in the particular
semiconducior switch is the high side switch of the first phase of the conirolier and whearsin
the one or maore aclivated counterpart switches of like direct current input polarity comprises

the high-side switch of the second phase of the cuipul of the conirolier.

12. The system according to claim 10 wherein the short circuil in the particular
semiconductor switch is a lpw-side swilch of a first phass and wherein the one or more
activated counterpart switches of like dirsct currant input polarity comprisas the low-side

switch of the second phase of the output of the controlier,

13. The system according to claim 10 further comprising:
the data processor adapted o verify that the short circuit the particular switch is
presant where the swilch remains in a closed state wherein no bias vollage or a quiescent

stale bias voltages is provided {o the base or gate of the semiconducior swiich.

14. The system according o claim 10 further comprising:
the data processor adapted 1o varily that the short circuit the particular switch is

presant where the swilch does not enter info an open stale, indicated by a colleclor-amitter
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voliage exceeding a maximum threshold, wherein no bias voltags or a quiescent state bias

vollage is provided {o the base or gale of the semiconducior switch,

15. The system according io claim 10 further comprising:
the data processor further comprising a communications device for sending a conirol
signal o a direct current powear swiich 10 remove direct current bus powsr {o the coniroller

upon detection of the short circuit or faull,

16. The system according io claim 10 further comprising:

unttif power is cycled, the driver, which is controlled by the data processor, is adapted
o simultansously activale counterpart switchas of like direct current polarity that are coupled
to other phase windings of the electric motor other than the parlicular semiconductor swilch

to prevent damage o the sleciric molor,

17. The system according to claim 10 further comprising:

a dals storage device for sioring a data siructure of respeciive faull conditions,
corresponding collector-emitier voltages, and corresponding conirolied swiich states for high
side and the low side of each phase for retrieval and use by the logic control circuit for
dstermining which switches to activate in responss o a dstected short circuit or fault, where
the data structure comprises at least one of a file, a database, a look-up table, an inveried

file, a group of records, a lisi, or a charl,

18. The sysiem according to claim 10 wherein the voliage measuring circult comprisses a

high impedance measurning circuit that is swilchably couplad across terminals of the low side

switching semiconductor or the high-side switching semiconductor for each phase.
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19, The system according lo claim 10 wherein the dala processor is adapted to determing
that a short circuit in a particular semiconductor switch is present if the measured collsctor-
arnitter vollage or scurce-drain voltage for the particular semiconductor switch is lower than
a minimum threshold, or approaches zero volls, over at least one complete cycle or

waveform of an inverler driver signal.

20. The system according to claim 10 further comprising:

a plurality of current sensors o measure the observed current associated with the
particular semiconducior swilch, the tolal number of the current sensors being limited to N-
1, where N is equal 1o the number of phases of the slectric molor; and

the data processor adapied o estimate the observed current for one phase output
node without one of said plurality of sensors, the estimation executed in accordance with

alectrical network analysis.
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/~— $300

MEASURE THE COLLECTOR EMITTER VOLTAGE OR SOURCE-DRAIN VOLTAGE FOR
EACH SEMICONDUCTOR SWITCH OF A CONTROLLER.

/~—S302

DETERMINE THAT A SHORT CIRCUIT IN A PARTICULAR SEMICONDUCTOR SWITCH IS
PRESENT IF THE MEASURED COLLECTOR-EMITTER VOLTAGE OR SOURCE-DRAIN
VOLTAGE FOR THE PARTICULAR SEMICONDUCTOR SWITCH IS LOWER THAN A
MINIMUM THRESHOLD DURING A COMMANDED OFF-STATE OF THE PARTICULAR
SEMICONDUCTOR SWITCH AND IF AN OBSERVED CURRENT POLARITY OF A PHASE
OUTPUT CURRENT (ASSOCIATED WITH A MOTOR WINDING COUPLED TO THE
PARTICULAR SEMICONDUCTOR SWITCH) IS OPPOSITE FROM NORMAL
OPERATIONAL CURRENT.

/~— S304

SIMULTANEOUSLY ACTIVATE COUNTERPART SWITCHES OF LIKE DIRECT CURRENT
INPUT POLARITY THAT ARE COUPLED TO OTHER PHASE WINDINGS OF THE
ELECTRIC MOTOR THAN THE PARTICULAR SEMICONDUCTOR SWITCH TO PREVENT
DEMAGNETIZATION OF THE PERMANENT MAGNETS IN THE ELECTRIC MOTOR.

FIG. 3
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DEMAGNETIZATION OF THE PERMANENT MAGNETS IN THE ELECTRIC MOTOR.

/~— $306

VERIFY THAT THE SHORT CIRCUIT THE PARTICULAR SWITCH IS PRESENT WHERE
THE SWITCH REMAINS IN A CLOSED STATE WHEREIN NO BIAS VOLTAGE OR A
QUIESCENT STATE BIAS VOLTAGE IS PROVIDED TO THE BASE OR GATE OF THE
SEMICONDUCTOR SWITCH.

FIG. 4
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/~—$308

VERIFY THAT THE SHORT CIRCUIT THE PARTICULAR SWITCH IS PRESENT WHERE
THE SWITCH DOES NOT ENTER INTO AN OPEN STATE, INDICATED BY A
COLLECTOR-EMITTER VOLTAGE OR SOURCE-DRAIN VOLTAGE EXCEEDING A
MAXIMUM THRESHOLD, WHEREIN NO BIAS VOLTAGE OR A QUIESCENT STATE BIAS
VOLTAGE IS PROVIDED TO THE BASE OR GATE OF THE SEMICONDUCTOR SWITCH.

FIG. 5



WO 2013/176708 PCT/US2013/025074

6/9

/~—$300

MEASURE THE COLLECTOR EMITTER VOLTAGE OR SOURCE-DRAIN VOLTAGE FOR
EACH SEMICONDUCTOR SWITCH OF A CONTROLLER.

/~—S302

DETERMINE THAT A SHORT CIRCUIT IN A PARTICULAR SEMICONDUCTOR SWITCH IS
PRESENT IF THE MEASURED COLLECTOR-EMITTER VOLTAGE OR SOURCE-DRAIN
VOLTAGE FOR THE PARTICULAR SEMICONDUCTOR SWITCH IS LOWER THAN A
MINIMUM THRESHOLD DURING A COMMANDED OFF-STATE OF THE PARTICULAR
SEMICONDUCTOR SWITCH AND IF AN OBSERVED CURRENT POLARITY OF A PHASE
OUTPUT CURRENT (ASSOCIATED WITH A MOTOR WINDING COUPLED TO THE
PARTICULAR SEMICONDUCTOR SWITCH) IS OPPOSITE FROM NORMAL
OPERATIONAL CURRENT.

/~— S304

SIMULTANEOUSLY ACTIVATE COUNTERPART SWITCHES OF LIKE DIRECT CURRENT
INPUT POLARITY THAT ARE COUPLED TO OTHER PHASE WINDINGS OF THE
ELECTRIC MOTOR THAN THE PARTICULAR SEMICONDUCTOR SWITCH TO PREVENT
DEMAGNETIZATION OF THE PERMANENT MAGNETS IN THE ELECTRIC MOTOR.

/~—S310

SENDING A SIGNAL TO REMOVE DIRECT CURRENT BUS POWER TO THE
CONTROLLER UPON DETECTION OF THE FAULT.

FIG. 6
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/~— 8312

UNTIL POWER IS RECYCLED (E.G., TURNED OFF AND ON), SIMULTANEOUSLY
ACTIVATING COUNTERPART SWITCHES OF LIKE PHASE THAT ARE COUPLED TO
OTHER PHASE WINDINGS OF THE ELECTRIC MOTOR THAN THE PARTICULAR
SEMICONDUCTOR SWITCH TO PREVENT DEMAGNETIZATION OF THE PERMANENT
MAGNETS IN THE ELECTRIC MOTOR.

FIG. 7
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/~ S314

STORE IN A DATA STORAGE DEVICE A LIST OR DATA STRUCTURE OF FAULT
CONDITIONS, CORRESPONDING COLLECTOR-EMITTER VOLTAGES, AND
CORRESPONDING CONTROLLED SWITCH STATES FOR HIGH SIDE AND THE LOW
SIDE OF EACH PHASE FOR RETRIEVAL FOR DETERMINING WHICH SWITCHES TO
ACTIVATE IN RESPONSE TO A DETECTED SHORT CIRCUIT OR FAULT.

FIG. 8
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901 902 903 904 905 906 907
Current | High Side | Low Side | High | Low | Condition Response
Polarity | Gate Gate Side | Side
Command | Command | VCE | VCE
0 0 0 0 Invalid
951~ condition
0 0 0 1 | Shorted IGBT | Turnall high
952~ or diode on side off, turn
low side all low sides on
953 0 0 1 0 High side No fault
diode
conducting
954 0 0 1 1 Invalid
condition
955~ + 0 0 0 0 Invalid
condition
+ 0 0 0 1 Low side No fault
956~ diode
conducting
+ 0 0 1 0 | Shorted IGBT | Turnall high
957~ or diode on side off, turn
high side all low sides on
958~ + 0 0 1 1 Invalid
condition

FIG. 9




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 13/25074

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8)- GO1R 31/34 (2013.01)
USPC - 324/765.01

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

USPC: 324/765.01

Minimum documentation searched (classification system followed by classification symbols)

USPC: 324/765.01, 538, 762.09 (text search - see terms below)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

PatBase; PubWEST(USPT,PGPB,EPAB,JPAB);, Google

magnet, fault, protect, detect, inverter, asymmetric current flow

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

Search Terms: controller, motor, collector-emitter voltage, source-drain voltage, short, switch, measure, voltage, interior permanent

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 6,335,608 B1 (TAKAHASHI) 01 January 2002 (01.01.2002), entire document especially Fig | 1-20
1; col 2, Ins 23-37; col 4, Ins 8-21
A US 2012/0046813 A1 (SCHLESER et al.) 23 February 2012 (23.02.2012), entire document 1-20
especially para [0008]
A US 2011/0285334 A1 (DONNER et al.) 24 November 2011 (24.11.2011), entire document 1-20
A US 2006/0232896 A1 (MAUE et al.) 19 October 2006 (19.10.2006), entire document 1-20

[:I Further documents are listed in the continuation of Box C.

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the apgllcanon but cited to understand

the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

ey

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

oy

Date of the actual completion of the international search

27 March 2013 (27.03.2013)

Date of mailing of the international search report

29 APR 2013

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/JUS, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No.

571-273-3201

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - wo-search-report

