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METHODS AND APPARATUS FOR FAULT-TOLERANT CONTROL OF
ELECTRIC MACHINES
FIELD OF THE INVENTION
[0001] The present invention relates to AC motor drive systems, and
more particularly to methods and apparatus for fault tolerant control‘of AC motor

drive systems in the presence of current sensor faults.

BACKGROUND OF THE INVENTION

[0002] Most high performance AC motor drive systems today utilize
phase current sensors. Phase current information is used for controlling the
méchine stator currents, which in turn indirectly control machine torque. Failure
of a current sensor usually results in loss of control and shutdown of the AC
motor drive system.

[0003] Recently, fault tolerant control of AC motor drives has been
receiving attention in the literature due to increasing application of AC drives in
the automotive indusiry. For example, Raymond Sepe, Jr. (“Fault Tolerant
Operation of Induction Motor Drives with Automatic Controller Reconfiguration”,
. IEMDC 2001, which is hereby incorporated by reference in its entirety)
addressed current sensor faults of the induction machine type drive. In the case
of current sensor failure, the drive is reconfigured from indirect field-oriented
control (IFOC) to volis/Hz scalar control. Although this approach may be suitable
for asynchronous induction machine drives, it is not applicable to permanent

magnet (PM) type synchronous machine drives.
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[0004] Field oriented control schemes are the industry standard in high
performance AC drives today. Field oriented control relies on synchronous frame
current regulators to correctly control machine torque. Current information is
most often obtained by sensing two of the three stator phase currents. Only two
sensors are needed for a machine because the machine is presumed to have
balanced three-phase currents. The third current is simply calculated from the
two measured currents.

[0005] In the case of a current sensor failure, the machine currents
become unregulated. Usually, current will become excessive and cause an
inverter to enter a fault mode that shuts down the drive. Without current sensor

information, a conventional drive system is unable to resume operation.

SUMMARY OF THE INVENTION

[0006] Somec nfiguréﬁohs of ﬁ;ae.préser}t irivéﬁtiAorki ihéfeforé prévide a
method for controlling an electric machine having current sensors for less than
every phase of the electric machine. The method includes operating a processor
to perform a test to determine whether a fault exists in one or more of the current
sensors. The method further includes operating the processor to utilize a state
observer of the electric machine to estimate states of the electric machine,
wherein the state observer is provided input measurements from non-faulty
current sensors, if there are any such current sensors. Measurements from the
current sensor or sensors determined to be faulty are disregarded. The

processor controls the electric machine utilizing results from the state observer.
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In some configurations, a first test is performed to preliminarily determine that a
fault exists in one or more of the current sensors and another test is performed to
finally determine that the fault exists in the one or more preliminarily determined
current sensors. The first test may include a balancing test, a gain error test, and
an offset error test.

[0007] Various configurations of the present invention provide an
apparatus for controlling an electric machine having current sensors for less than
every one of its phases. The apparatus includes an inverter configured to
provide current to the electric machine and a processor configured to control the
current provided to the electric machine by the inverter in accordance with a
desired torque, power, or speed. The processor is further configured to utilize
the inverter to test the current sensors to determine whether a fault exists in one
or more of the current sensors. If a fault is determined to exist, the processor is
states of the electric machine, utilizing state input measurements from each non-
faulty current sensor, if any. The processor is further configured to disregard the
current sensor or sensors determined to be faulty; and to conirol the electric
machine utilizing the inverter and resulis from the state observer.

[0008] Various configurations of the present invention allow AC motor
drive systems to'advantageously restart following detection of one or more
current sensor faults. Thus, operation of the drive system can continue, albeit
sometimes with reduced performance. Moreover, configurations of the present

invention offer a type of fault control that is applicable to PM-type drive systems.
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- [0009] More particularly, configurations of the present invention allow
an AC motor drive system to resume operation in a graceful manner, possibly
with some degradation in performance. This capability may be important in
certain applications. For example, configurations of the present invention utilized
in an electric vehicle (EV) or hybrid-electric vehicle (HEV) allow a driver to “limp
home” following a current sensor failure.

[0010] Further areas of applicability of the present invention will
become apparent from the detailed description provided hereinafter. It should be
understood that the detailed description and specific examples, while indicating
the preferred embodiment of the invention, are intended for purposes of

illustration only and are not intended to limit the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
the detailed description and the accompanying drawings, wherein:

[0012] Figure 1 is a schematic diagram representative of AC motor
drive systems of the present invention.

[0013] Figure 2 is a schematic diagram of the AC motor drive system of
Figure 1, with some additional details added for explanatory purposes. Not all of
the components shown or implied by Figure 1 are shown in Figure 2.

[0014] Figure 3 is an equivalent circuit of Figure 2 used for

computational and illustrative purposes.
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[0015] Figure 4 is a graphical illustration of certain voltages and
currents applied to and measured from the circuit of Figure 3.

[0016] Figures 5, 6, and 7 represent equivalent circuits to Figure 2
illustrative of three different modes of voltage application to the windings of the
electric machine of Figure 2 during a test to finally determine that one or more of
the current sensors of Figure 2 are faulty.

[0017] Figure 8 is a representation of a state observer that can be
utilized by the processor of the circuit of Figure 2 to provide control of the electric
machine of Figure 2 when one of the current sensors is faulty.

[0018] Figure 9 is a representation of another state observer that can
be utilized by the processor of the circuit of Figure 2 to provide control of the

electric machine of Figure 2 when one of the current sensors is faulty.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0019] The following description of the preferred embodiment(s) is
merely exemplary in nature and is in no way intended to limit the invention, its
application, or uses.

[0020] More particularly, and referring to Figure 1, two phase current
sensors are utilized with a three phase machine in some configurations of motor
drive control apparatus 10 of the present invention. :I'he drive system comprises
a DC source 12 (which, in electrical vehicle configurations, may be a battery

pack), a DC bus capacitor Cpc, a DC bus voltage sensor 14, a 3-phase inverier

16, two current sensors 18 and 20, an AC motor 22, and a position sensor 24,
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More generally, an electric machine 22 is provided with one less current sensor
(18 and 20) than the number of windings of electric machine 22, and inverter 16
is provided with the same number of phases as electric machine 22. Also

provided is a processor 26, which may comprise or consist of a stored program

microprocessor or microcontroller with memory and digital to analog (D/A) and
analog to digital (A/D) converters. Processor 26 has at least one input T, that is
a control signal indicative of a desired torque, speed, or power to be produced by
electric machine 22, Processor 26 also utilizes signals i; and i, from current
sensors 18 and 20, respectively, as well as 6, from position sensor 24 and Vg
from bus voltage sensor 14. Using these signals, Processor 26 generates a set
of gate drive signals 28 for inverter 16. For example, electric machine 22 may be
an interior permanent magnet (IPM) motor, and processor 26 may comprise an
IPM control. IPM controls are well-known to those of ordinary skill in the art and
‘do not require further explanation here. Inverter 16 provides current to electric
machine 22. More precisely in many configurations, inverter 16 provides current
to electric machine 22 by gating or pulse width modulating current provided by
voltage source 12. Processor 26 is configured, such as by using a stored
program, to control the current provided by inverter 16 to electric machine 22 in
accordance with a desired torque, power, or speed. For example, a signal T, is
provided for this purpose.

[0021] In some configuration, control is accomplished utilizing a

diagnostic component and a post-fault control component. To simplify the

present explanation, it will be assumed that electric machine 22 is, in fact, an AC
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motor of the interior permanent magnet type, but the present invention is
applicable to other types of motors, as well.

[0022] ‘A sudden severe fault of a current sensor 18 or 20 will result in
an over current malfunction of motor drive control apparatus 10. [f there is no
protection provided in the gate drive circuit for inverter 16, the severe fault will
lead to unrecoverable faults of power semiconductors of inverter 16. Minor
faults, such as gain and offset drifts of current sensors 18 and/or 20 would result
in torque pulsations that are synchronized with inverter 16 output frequency.
Large offset and/or scaling errors will degrade torque regulation. Offset and gain
drift above a certain level will result in over current fault at high speeds of electric
machine 22 and in heavy load conditions.

[0023] According to various configurations of the present invention,
faults 'including the offset and gain drift are detected when electric machine 22 is
not rotating, More particularly, processor 26 is configured, such as by a stored
program, to utilize inverter 16 to tést current sensors 18 and 20 to determine
whether a fault exists in one or more of the current sensors. If a fault is
determined to exist, processor 26 utilizes a state observer of electric machine 22
fo estimate states of the electric machine, utilizing state input measurements
from non-faulty current sensors 18 and/or 20, if any are non-faulty. Current
sensors determined to be faulty are disregarded so that their measurements are

not used. Processor 26 is further configured to control eleciric machine 22

utilizing inverter 16 and results from the state observer.
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[0024] Thus, in some configurations and referring to Figure 2, gating
signals to c-phase semiconductor switches S¢ and S: are blocked initially by

processor 26. A line to line test voltage waveform, Vu =V sin(@+a) g

synthesized by the pulse width modulatioh (PWM) inverter 16 under control of

processor 26. (Vm is the magnitude of a test voltage, @ is the angular frequency
of the voltage, and ¢ is the initial phase of the voltage.) A portion of circuit 10 in
Figure 2 can be analyzed using an equivalent circuit 30 shown in Figure 3. Let
Lap represent' the inductance between an a-phase terminal and a b-phase
terminal of electric machine 22. L, is a function of rotor position. Let Rs
represent the sum of stator resistance of a phase winding of an IPM motor used
as electric machine 22 and the conduction resistance of the power

semiconductors. The current in the circuit resulting from application of the

volt'a-gé' Vas is:

iy =i, ==2sin(@~g)exp " +=Esin(@r +or~9),

where

Lab

' 3 O
Z= AR +(@ly), 5og P T 2R
=V TW0h) s and 2R,

2R,

_ V—”‘sin(a—(b) exp
[0025] It can be seen that the transient term Z can

be suppressed by adjusting the phase of the applied voltage Vs according to

power factor of circuit 30.
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[0026] Processor 26 samples the sensed values of a-phase and b-
phase currents % and %s, or more precisely, uses samples measurements from
current sensors 18 and 20 as a function of time to infer time-varying currents %
and . In Figure 4, traces of sensed a-phase and b-phase currents % and b,

respectively, are shown along with the applied reference voltage Voo for a

properly operating electric machine 22 with properly operating current sensors 18

and 20. Also shown is the function ~ (s t%s) | which is essentially zero over the
entire interval during which the input test voltage waveform is applied. The
results in Figdre 4 represent a test performed utilizing an electric machine 22
having an inductance of several hundred zH and a resistance of approximately
10 mQ including the resistance of power semiconductors. The time constant of
the circuit was several tens of msec. With a proper setting of initial phase angle
of the reference voltage there is no DC transient in the current trace. The
frequency of the test voltage waveform was 200 Hz and the duration was five
cycles. Hence, this test required only 50 msec to perform.

[0027] If the windings of electric machine 22, inverter 16, and current
sensors 18 and 20 have no problem, sampled a-phase and b-phase currents s

and s, respectively, should be the same in magnitude and opposite in sign as
shown in Fig. 4. This comparison comprises a balancing test on the two of the
three windings of electric machine 22 that have current sensors. Circuit

tolerances will make a perfect match unlikely, but an engineer skilled in the art
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will be able to determine, perhaps empirically, a predetermined fimit £& such

that % =% & is indicative of acceptable control of electric machine 22. The
predetermined limit may include a percentage error instead of, or in addition to, a

constant error. Also, the root mean square (RMS) value of the sampled current

v

nm

should be approximately Z2 for each phase current, individually. Thus, a gain

error test comprises determining whether the RMS values of the sampled
currents are within a (perhaps empirically determined) second predetermined
limit that defines a predetermined nominal range. Furthermore, the sum of the
measured values of each phase current should be around zero due to the zero
DC transient and integer number of excitation cycles. A test of whether this sum
is less than a (perhaps empirically determined) predetermined value or values
comprises an offset error test. If the sum is not zero or near zero, there mig_ht be
significant offset error in one or more current sensors 18, 20 or faults at inverter
power circuit 16 or IPM motor 22 windings L, Ly, or L.

[0028] A combination of the balancing test, gain error test, and offset
error test can determine whether one or more faults exists and preliminarily
identify which of the two current sensors may be at fault. For example, if the
balancing test or offset error test fails, one or both current sensors may be at
fault. If the gain error test fails, the sampled current or currents that failed the
test indicates which sensor may be at fault. These tests do not, however, rule
out the possibility that something other than a sensor (e.g., a motor winding) may

be at fault instead of a sensor. Thus, another test is performed if a fault is

10
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indicated to determine that the identified current sensor or sensors is or are at
fault.

[0029] For this additional test, and referring to Figure 5, a second test

voltage waveform Vi =V sin(@+a) is applied between the a-phase and b-
phase terminals of the motor. This second test voltage is synthesized by the
pulse width modulation inverter 16 under control of processor 26. Also under
control of processor 26, the c-phase terminal is shorted with the b-phase terminal
by sending appropriate gate drive signals to c-phase. The a-phase and/or b-
phase current are measured and stored in a memory of the processor 26. Next,
the second test voltage is applied between b-phase and c-phase as shown in Fig
6 and lastly as between b-phase as c-phase, as shown in Figure 7. The sum of
stored values at each corresponding time point of the measured phase currents

| in Figures 5, 6, and 7 should be zero if inverter 16 and the a-, b-, and c-phasg
motor 22 windings L., L,, and L are well balanced. More particularly, if the sum
of values is less than a (possibly empirically determined) magnitude, it is finally
determined that the current sensors preliminarily determined to be at fault by the
other tests are, in fact, faulty.

[0030] If one or more current sensors are finally determined to be
faulty, the measured value from the sensor is.subsequently disregarded by
processor 26. Instead, and referring to Figure 8, a state observer 32 of electric
machine 22 is used by processor 26 to regulate current to electric machine 22
provided by PWM inverter 16. Referring to Figure 8, an observer is utilized in

some configurations of the present invention to provide estimated current

11
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information for processor 26. Current in the rotating d-g axis is regulated based
upon estimated d-q current. Estimated d-q current is observed by an open-loop
observer in the case of faults of both current sensors 16 and 18, or by a closed-
loop observer in the case of a single current sensor (16 or 18) fault. The
structure of the observer is shown in Figure 8, where if a non-faulted current
sensor is available, the measured value is used as a correction term and is fed

back to state estimator to reduce the estimation error.

[0031] The output of the observer is the estimated state vector X,

which contains the estimated synchronous frame currents b énd fq;. Matrix A is
a state matrix. Matrix C feeds back estimated states to be compared with
measured stator currents (if available). Matrix L scales the measurement error to
feedback into the observer as a correction term which reduces observer errors.
me_configurations and r ferring_ to Figure 9, electric
machine 22 is an interior permanent magnet motor, and a synchronous frame
current estimator 34 is used as state observer 32.

- [0033] More generally, the state observer provided is modeled after the
type of electric machine utilized as electric machine 22.

[0034] These experiments illustrate how moderate performance can be
achieved in the presence of current sensor faults, thus allowing operation with
degraded performance for the desired “limp home” capability.

[0035] More particularly, various configurations of the present invention

allow AC motor drive systems to advantageously restart following detection of

one or more current sensor faults. Thus, operation of the drive system can

12
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continue, albeit sometimes with reduced performance. Moreover, configurations
of the present invention offer a type of fault control that is applicable to PM-type
drive systems.

[0036] In addition, configurations of the present invention allow an AC
motor drive system to resume operation in a graceful manner, possibly with some
degradation in performance. Such capability is of great utility in electric vehicles
(EV) and hybrid-electric vehicles (HEV), where such capability allows a driver to
“limp home” ‘or provide sufficient traction to pull the vehicle to a safe location
following such a c;Jrrent sensor failure.

[0037]' The description of the invention is merely exemplary in nature
and, thus, variations that do\not depart from the gist of the invention are intended
to be within the scope of the invention. Such variations are not to be regarded as

a departure from the spirit and scope of the invention.

13
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CLAIMS

What is claimed is:

1. A method for controlling an electric machine having current sensors for
less than every phase of the electric machine, when a fault occurs in one or more
of the current sensors, said method comprising operating a processor to:

perform a tést to determine whether a fault exists in one or more of the
current sensors;

utilize a state observer of the electric machine to estimate states of the
electric machine, wherein said state observer is provided input measurements
from non-faulty current sensors, if any, disregarding measurements from the
current sensor or sensors determined to be fauliy; and |

control the electric machine utilizing results from the state observer.

2. A method in accordance with Claim 1 wherein said performing a test to
determine that a fault exists in one or more of the current sensors comprises
operating a processor to:

perform a test to preliminarily determine that a fault exists in one or more
current sensors; and

perform a test to finally determine that the fault exists in the one or more

current sensors.

14
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3. A method in accordance with Claim 2 wherein the electric machine is a
three-phase motor having three windings with current sensors on two of the three
windings, and wherein performing a test to preliminarily determine that a fault
exists in one or more current sensors comprises operating a processor to:

apply a first test voltage waveform to the two of the three windings having
a current sensor; |

sample measurements from the two current sensors as a function of time;

perform a balancing test on the two windings with current sensors utilizing
the sampled measurements;

perform a gain error test on the current sensors utilizing the sampled
measurements;

perform an offset error test on the two current sensors utilizing the
sampled measurements, and

determine, utilizing said tests, that a fault exists and preliminarily identify

which of the two current sensors may be at fauli.

4. A method in accordance with Claim 3 wherein said performing a
balancing test comprises operating the processor to determine whether the
sampled currents in each of the two of the three windings represented by the
sampled measurements are of equal magnitude and opposite phase, within a

predetermined limit.

15
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5. A method in accordance with Claim 3 wherein said performing a gain
error test comprises operating the processor to determine whether the root mean
square values of the sampled currents in each of the two of the three windings
represented by the sampled measurements are within a predetermined nominal

range.

6. A method in accordance with Claim 3 wherein said performing an offset
error test comprises operating the processor to determine whether the sum of the
sampled currents in the two windings represented by the sampled measurements

are less than a predetermined value or values.

7. A method in accordance with Claim 3 further comprising, when a fault
exists, operating a processor to:

successively apply a second test voltage waveform between each pair of
the three windings with the remaining non-paired winding shorted to one winding
of the pair;

sample measurements from the two current sensors as a function of time;

determine, utilizing said sampled measurements resulting from the

application of the second test voltage, that the identified current sensor is at fault.

16
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8. A method in accordance with Claim 1 wherein said operating the
processor to utilize a state observer of the electric machine to estimate states of
the electric machine comprises regulating current in a rotating d-q axis in

accordance with an estimated d-q current observed by a closed loop observer.

9. A method in accordance with Claim 1 wherein said operating the
processor to utilize a state observer of the electric machine to estimate states of
the electric machine comprises regulating current in a rotating d-q axis in

accordance with an estimated d-q current observed by an open loop observer.

10. A method in accordance with Claim 1 wherein said state observer is a

synchronous frame current estimator.

17
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11. An apparatus for controlling an electric machine having current
sensors for less than every one of its phases, said apparatus comprising:

an inverter configured to provide current to the electric machine;

a processor configured to control the current provided to the electric
machine by the inverter in accordance with a desired torque, power, or speed;

said processor further configured to utilize the inverter to test the current
sensors to determine whether a fault exists in one or more of the current sensors,
and if a fault is determined to exist, to utilize a state observer of the electric
machine to estimate states of the electric machine, utilizing state input
measurements from each non-faulty current sen‘sor, if any, disregarding the
current sensor or sensors determined to be faulty; and to c;ontrol the electric

machine utilizing the inverter and resulis from the state observer.

12. An apparatus in accordance with Claim 11 wherein said processor is
further configured to:

perform a test to preliminarily determine that a fault exists in one or more
of the current sensors; and

perform a test to finally determine thét the fault exists in the one or more

current sensors.

18
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13. An apparatus in accordance with Claim 12 wherein the electric
machine is a three-phase motor having three windings with current sensors on
two of the three windings, and wherein to perform a test to preliminarily
determine that a fault exists in one or more of the current sensors, said processor
is configured to:

operate the inverter to apply a first test voltage waveform to the two of the
three’ windings haVing a current sensor;

sample measurements from the two current sensors as a function of time;

perform a balancing test on the two windings with current sensors utilizing
the sampled measurements;

perform a gain error test on the current sensors utilizing the sampled
measurements;

perform an offset error test on the two current sensors utilizing the
sampled measureménts; and

determine, utilizing said tests, that a fault exists and preliminarily identify

which of the two current sensors may be at fault.

14.  An apparatus in accordance with Claim 13 wherein to perform a
balancing test, said processor is further configured to determine whether the
sampled currents in each of the two of the three windings represented by the
sampled measurements are of equal magnitude and opposite phase, within a

predetermined limit.

19
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15. An apparatus in accordance with Claim 13 wherein to perform a gain
error test, said processor is further configured to determine whether the root
mean square values of the sampled currents in each of the two of the three
windings represented by the sampled measurements are within a predetermined

nominal range.

16. An apparatus in accordance with Claim 13 wherein to perform an
offset error test, said processor is configured to determine whether the sums of
the sampled currents in the two windings represented by the sampled

measurements are less than a predetermined value or values.

17. An apparatus in accordance with Claim 13 wherein said processor is
configured to:

control the inverter to successively apply a second test vo_ltége'wavefor;n
between each pair of the three windings with the remaining non-paired winding
shorted to one winding of the pair;

sample measurements from the two current sensors as a function of time;
and

determine, utilizing the sampled measurements resulting from the

application of the second test voltage, that the identified current sensor is at fault.

20
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18. An apparatus in accordance with Claim 11 wherein to control the
electric machine utilizing the inverter and the state observer, said processor is
configured to operate the inverter to regulate current in a rotating d-q axis in

accordance with an estimated d-q current observed by a closed loop observer.

19. An apparatus in accordance with Claim 11 wherein to control the
electric machine utilizing the inverter and the state observer, said processor is
configured to regulate current in a rotating d-q axis in accordance with an

- estimated d-q current observed by an open loop observer.
20. An apparatus in accordance with Claim 11 wherein the state observer

is a synchronous frame current estimator and the electric machine is an interior

permanent magnet motor.

21
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