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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The invention relates a method of controlling a sensorless alternating current induction motor, to a sensorless
alternating current induction motor controller, and to a system for controlling a sensorless alternating current induction
motor.

Description of the Related Art

[0002] The alternating current induction motor (ACIM) is the most popular electric motor used in consumer and industrial
applications, notable for the low cost, simple, and robust design since no mechanical commutator or permanents magnets
are required. In operation, the motor efficiency and speed are controlled by adjusting the stator voltage according to a
motor load by detecting the stator field speed. In the absence of mechanical or electrical contact between the ACIM
stator and rotor, there are challenges with determining the relative positions and rotor speeds of the component parts.
One position-indicating arrangement is to use sensors to detect a motor component position status as part of the motor
control function, but such sensors add cost and increase complexity (due the additional sensors, wiring, connectors,
soldering, etc.), reduce reliability (due in part to the sensor connectors that are prone to contamination from dirt and
humidity), and are not suitable for applications (e.g., where the rotor is in closed housing and the number of electrical
entries must be kept to a minimum, such as in a compressor, or in applications where the motor is immersed in a liquid
such as some pumps). To address such shortcomings, sensorless motor control techniques may be used to detect a
motor component position status. However, sensorless motor control techniques have a number of drawbacks, including
operational complexity, expensive microcontroller requirements, and increased bill-of-materials costs. As a result, the
existing solutions for operating alternating current induction motors are extremely difficult at a practical level.
[0003] WO 1995/028031 A1 describes detecting rotor speed through the use of sense coils on stator teeth. Voltage
ripples caused by the rotor slots are detected by combining the signals of several sense coils so that the fundamental
voltage signal is cancelled or rejected and only the ripple voltages remain which is a signal proportional to speed. A
generator is used to control voltage to the induction motor with a PWM inverter to control frequency signals to the
induction motor.
[0004] A document entitled "3-Phase BLDC Sensorless Control with MQX RTOS Using the K60N512", 1 June 2012
(2012-06-01), Retrieved from the Internet: URL: https://www.nxp.com/docs/en/application-note/DRM135.pdf, describes
the design of a sensorless 3-phase brushless DC (BLDC) motor drive.
[0005] US 5,969,498 describes a controller for variable speed three-phase AC squirrel-cage induction motors in ac-
cordance with a volts-per-hertz control method. Direct current ("DC") link current is employed to compensate for rotor
slip. In particular, rotor slip is estimated and added to a speed reference command to compensate for changing loads.
A direction input and speed reference command provide complete control over the induction motor.

SUMMARY OF THE INVENTION

[0006] The invention is defined in the accompanying claims.
[0007] According to an aspect of the invention, there is provided a method of controlling a sensorless alternating
current induction motor (ACIM) comprising a rotor and a stator comprising a plurality of stator windings, the method
comprising:

applying a plurality of phase shifted voltages to the plurality of stator windings in the ACIM such that two energized
stator windings are connected to first and second phase shifted voltages to cause rotation of the rotor relative to
the stator while a third unconnected stator winding is floating;
measuring a DC bus current and an inducted voltage from the ACIM while the third unconnected stator winding is
floating;
computing an estimated rotor speed from the DC bus current and the inducted voltage, where measuring the DC
bus current and the inducted voltage comprises sampling the inducted voltage after expiration of a freewheeling
interval in a third phase shifted voltage; and
computing an estimated slip between a stator speed and rotor speed based on the measured DC bus current.

[0008] According to another aspect of the invention, there is provided a sensorless alternating current induction motor
(ACIM) controller comprising:
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a driver power stage hardware circuit comprising a plurality of power transistors for selectively connecting first and
second reference voltages to generate a plurality of phase shifted voltages under control of a plurality of PWM gate
control signals, where the plurality of phase shifted voltages are connected to a corresponding plurality of stator
windings in an alternating current induction motor such that a plurality of energized stator windings are energized
to cause rotation of the rotor relative to the stator while at least one stator winding is disconnected and floating;
a processor coupled to receive the plurality of phase shifted voltages and a DC bus current measurement, wherein
the DC bus current is measured while said at least one stator winding is disconnected and floating, wherein the
processor is configured to calculate:

an estimated slip between a stator speed and rotor speed based on a DC bus current value measured from the
DC bus current measurement, wherein the estimated slip is calculated as a product of a motor construction
constant k and the DC bus current measurement;
a plurality of commutation events based on integration of an inducted voltage from the alternating current
induction motor while the at least one stator winding is disconnected and floating, wherein the inducted voltage
is sampled after expiration of a freewheeling interval in a third phase shifted voltage; and
a rotor speed based on at least the estimated slip and stator speed derived from the plurality of calculated
commutation events; and

a pulse width modulator (PWM) hardware circuit for generating the PWM gate control signals so that the driver
power stage hardware circuit energizes only the plurality of energized stator windings concurrently while leaving
the at least one stator winding unpowered.

[0009] According to a further aspect of the invention, there is provided a system for controlling a sensorless alternating
current induction motor (ACIM) comprising a rotor and a stator comprising a plurality of stator windings, the system
comprising:

a full bridge inverter circuit for generating a plurality of phase shifted voltages under control of a plurality of PWM
control signals, where the plurality of phase shifted voltages are connected to a corresponding plurality of stator
windings in an alternating current induction motor such that a plurality of energized stator windings are energized
in a connected phase to cause rotation of the rotor relative to the stator while at least one stator winding is floating
in a disconnected phase;
a phase voltage observer coupled to receive the plurality of phase shifted voltages from the full bridge inverter circuit
for generating a plurality of commutation events for each of the plurality of phase shifted voltages by integrating an
inducted phase voltage during the disconnected phase and producing a stator period measure based on the plurality
of commutation events, wherein the inducted voltage is sampled after expiration of a freewheeling interval in a third
phase shifted voltage;
a slip compensation block coupled to receive a DC bus current measurement value from the full bridge inverter
circuit for computing an estimated slip between a stator speed and rotor speed, wherein the estimated slip is
calculated as a product of a motor construction constant k and the DC bus current measurement, and wherein the
DC bus current is measured while said at least one stator winding is disconnected and floating;
a speed measurement hardware circuit for producing an estimated rotor speed based on the estimated slip and
stator period measure; and
a pulse width modulator (PWM) hardware circuit for generating the PWM control signals in response to the estimated
rotor speed so that the full bridge inverter circuit energizes only the plurality of energized stator windings concurrently
while leaving the at least one stator winding unpowered.

[0010] Further features according to embodiments of the invention are defined in the dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The present invention may be understood, and its numerous objects, features and advantages obtained, when
the following detailed description is considered in conjunction with the following drawings.

Figure 1 is a block diagram illustration of an electric motor system comprising a sensorless ACIM controller in
accordance with selected embodiments of the present disclosure.
Figure 2 is a block diagram of the hardware and software components of a sensorless ACIM system for implementing
a multi-step sensorless alternating current induction motor control in accordance with selected embodiments of the
present disclosure.
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Figure 3 is a simplified circuit schematic diagram of a sensorless ACIM controller structure that selectively switches
a full bridge inverter to control a three-phase alternating current induction motor in accordance with selected em-
bodiments of the present disclosure.
Figure 4 is a timing diagram plot of shifted phase voltages applied to three stator windings during one electrical
revolution of an electric motor rotor to illustrate a six-step sensorless ACIM control technique in accordance with
selected embodiments of the present disclosure.
Figure 5 illustrates the switching connections of the full bridge inverter in each of six steps used to implement
sensorless ACIM control in accordance with selected embodiments of the present invention.
Figure 6 is a graphical plot comparison of motor efficiency performance result measurements on an electric motor
for different motor control techniques.
Figure 7 is a graphical plot comparison of speed measurement precision on an electric motor for different motor
control techniques.
Figure 8 illustrates a simplified flowchart of a software-based sensorless method for controlling an alternating current
induction motor in accordance with selected embodiments of the present invention.
Figure 9 illustrates a simplified flowchart of an example commutation sequence for a software-based sensorless
method for controlling an alternating current induction motor in accordance with selected embodiments of the present
invention.

DETAILED DESCRIPTION

[0012] A sensorless alternating current induction motor (ACIM) control method and apparatus are described for reliably
and efficiently controlling variable load electric motors with reduced software complexity and hardware costs to address
various problems in the art where limitations and disadvantages of conventional solutions and technologies will become
apparent to one of skill in the art after reviewing the remainder of the present application with reference to the drawings
and detailed description provided herein. In selected embodiments, a software-based method and apparatus are provided
for controlling an ACIM with a six-step sensorless control approach which energizes only two motor phases at all times
to generate the stator field while leaving the third phase unconnected for use in measuring the inducted voltage which
may be used to precisely estimate the rotor speed used to control the current supplied to the stator coils. In selected
embodiments, the precision of the rotor speed estimation may be increased by properly measuring the actual DC-bus
current. In a three-phase ACIM having three stator windings, each stator winding may be connected to receive a multi-
phase voltage signal which defines two motor phase events (when the multi-phase voltage signal is connected to provide
a positive or negative voltage) and two commutation events (when the multi-phase voltage signal is not connected, and
the floating voltage integral reaches a threshold which triggers the commutation event). By shifting the multi-phase
voltage signals that are applied to the three stator windings to be mutually shifted by 120 degrees from one another, six
commutations are generated for each stator magnetic field electrical revolution. By using a 3-phase power stage, two
motor phases may be energized concurrently to supply stator coil current that generates the stator fields, while simul-
taneously leaving the third phase unpowered to enable rotor speed estimation through integration of the voltage inducted
during the unconnected phase, thus enabling use of a simple sensorless rate estimation algorithm that is suitable for
variable or constant motor loads with high startup torques and that can be implemented inexpensively in terms of
complexity and hardware costs.
[0013] Referring now to Figure 1, there is shown a block diagram illustration of an electric motor system 100 which
uses a sensorless ACIM controller 101 in accordance with selected embodiments of the present disclosure. The electric
motor system 100 includes a sensorless ACIM controller 101, an alternating current induction motor 102, and power
source 119. The ACIM controller 101 includes a processor 103, driver circuit 105, and measurement circuits 106.
Processor 103 includes the sensorless ACIM control 120 which may be implemented in software, firmware or control
code logic accessing from memory which stores programming instructions to be executed to configure the processor
103 into a machine that controls the ACIM 102 as disclosed herein. In whatever form implemented, the sensorless ACIM
controller 120 may include a first control module 121 for controlling the measurement of the phase voltage, DC bus
voltage, and DC bus current. In addition, the sensorless ACIM controller 120 may include a second control module 122
for controlling the sampling of a positive voltage inducted in an unconnected phase. In addition, the sensorless ACIM
controller 120 may include a third control module 123 for determining a commutation event, such as with an inducted
voltage zero-crossing technique and the inducted voltage integration technique.
[0014] Measurement circuits 106 may include a current measurement circuit 107 and a direct current (DC) bus meas-
urement circuit 108 for measuring the DC bus voltage and/or DC bus current. Motor 102 includes a rotor 109, stator
110, and shaft 111 that is mechanically coupled to rotor 109. Windings in the stator 110 are supplied with electric current
to induce electric voltage in the rotor 109 to produce rotor torque via electromagnetic induction from the magnetic field
of the stator windings. The induction motor 102 therefore does not require mechanical commutation, separate-excitation
or self-excitation for all or part of the energy transferred from stator to rotor, as in universal, DC and large synchronous
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motors. In selected embodiments, the rotor 109 of the induction motor 102 can be wound type or squirrel-cage type. For
example, three-phase squirrel-cage induction motors are widely used in industrial drives because they are rugged,
reliable and economical. Although traditionally used in fixed-speed service, induction motors are increasingly being used
with variable-frequency drives (VFDs) in variable-speed service. VFDs offer especially important energy savings oppor-
tunities for existing and prospective induction motors in variable-torque centrifugal fan, pump and compressor load
applications. Squirrel cage induction motors are very widely used in both fixed-speed and variable-frequency drive (VFD)
applications. Variable voltage and variable frequency drives are also used in variable-speed service.
[0015] In operation, the AC power supplied to the induction motor’s stator 110 creates a magnetic field that rotates in
time with the AC oscillations, causing the induction motor’s rotor 109 to rotate at a slower or "slipped" speed than the
stator field. The magnetic field of the induction motor stator 110 is therefore changing or rotating relative to the rotor,
thereby inducing an opposing current in the induction motor’s rotor 109, in effect the motor’s secondary winding, when
the latter is short-circuited or closed through an external impedance. The rotating magnetic flux induces voltages in the
windings of the rotor 109 in a manner similar to voltages induced in a transformer’s secondary winding(s). The currents
in the rotor windings in turn create magnetic fields in the rotor that react against the stator field. Due to Lenz’s Law, the
direction of the magnetic field created will be such as to oppose the change in current through the rotor windings. The
cause of induced current in the rotor windings is the rotating stator magnetic field, so to oppose the change in rotor-
winding currents the rotor will start to rotate in the direction of the rotating stator magnetic field. The rotor accelerates
until the magnitude of induced rotor current and torque balances the applied load. Since rotation at synchronous speed
would result in no induced rotor current, an induction motor always operates slower than synchronous speed. The
induction machine’s essential character is that it is created solely by induction instead of being separately excited as in
synchronous or DC machines or being self-magnetized as in permanent magnet motors.
[0016] Motor control circuit 101 is connected to induction motor 102 via one or more conductors 112, 113, and 114.
Conductor(s) 112, 113, and 114 are connected to outputs of driver circuit 105 and to inputs of measurement circuits
106. Measurement circuits 106 are connected to processor 103 via one or more connection lines 116 to provide meas-
urements from measurement circuits 106 to processor 103. Processor 103 is connected to driver circuit 105 via one or
more connection lines 115 to allow processor 103 to control driver circuit 105. Power source 119 is connected to driver
circuit 105 via AC or DC conductor lines 117, 118 to provide power for driver circuit 105 to apply to motor 102. Alternatively,
the power source can be provided with more than 2 line outputs, for example 3-phase system with 3 (L1, L2, L3) or four
lines (L1, L2, L3, N) or with a DC bus current (IDC BUS) conductor.
[0017] Measurement circuits 106 can obtain measurements of current and/or voltage parameters for the induction
motor 102. Current measurement circuit 107 can obtain one or more current measurements of motor 102, such as
measured current drawn from the DC bus (IDC BUS) that is detected at the conductor lines 117, 118. In similar fashion,
DC bus measurement circuit 108 can obtain one or more DC bus voltage and/or current measurements from induction
motor 102. Each of current measurement circuit 107 and DC bus measurement circuit 108 can obtain a plurality of
measurements, for example, with respect to the plurality of conductors 112, 113, and 114. Thus, for example, single
phase and multiple phase (e.g., three-phase) motors can be controlled. Measurements can be, for example, complex
measurements, which can include a direct component and a quadrature component sampled 90 degrees of phase away
from the direct component. The measured current and/or voltage values captured by the measurement circuit 106 are
connected over one or more connection lines 116 to processor 103.
[0018] Electric motor system 100 can be implemented to control operation of various types of induction motors 102,
such as AC induction motors (ACIM), using different control instructions that are executed by processor 103, such as
voltage-over-frequency (V/Hz) control with slip compensation. Different components can be used in driver circuit 105 to
drive different motor types. For example, components compatible with voltages of different polarities can be used to
implement driver circuit 105 for AC motors. Different components can be used in measurement circuits 106 to measure
currents and voltages of different motor types. In the case of an alternating current (AC) motor, measurement circuits
106 can be capable of measuring both AC and DC voltage or current signals. In accordance with at least one embodiment,
DC bus measurement circuit 108 may be implemented generally as a voltage measurement circuit not specifically limited
to DC or AC voltage measurement.
[0019] Referring now to Figure 2, there is shown a block diagram of the hardware and software components of a
sensorless ACIM system 200 for implementing a multi-step sensorless alternating current induction motor control in
accordance with selected embodiments of the present disclosure wherein only two of the phase voltage signals 201A-
C are powered at a time. The disclosed system 200 has an electric motor 208 which may be embodied as a 3-phase
AC induction motor. The sensorless ACIM system 200 also includes a motor driver which may be embodied with an
ACIM driver power stage hardware 201 having three outputs 201A-C coupled to terminals of the electronic motor 208.
In selected embodiments, the ACIM driver power stage hardware 201 may be implemented with a pre-driver circuit (such
as, for example, the GD3000 driver manufactured by NXP Semiconductors) and bridge inverter circuit which uses a
plurality of power transistors to selectively couple a supply voltage (e.g., UDC_BUS) and ground voltage inputs to the
three outputs 201A-C in response to PWM gate control signals 202A-C.
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[0020] The PWM modulator hardware 202 generates the PWM gate control signals 202A-C so that the ACIM driver
power stage hardware 201 energizes only two motor phases concurrently while leaving the third phase unpowered, thus
generating six possible voltage vectors that may be applied to the induction motor 208. To control the timing and
application of the PWM gate control signals 202A-C, the disclosed system 200 includes a phase voltage observer and
commutation event generator 204 which is connected to receive and detect the phase voltage signals 201A-C and DC
bus voltage signal 201D, such as by using analog-to-digital converter circuits. Based on integration of the observed
phase voltages 201A-D, the phase voltage observer and commutation event generator 204 may use a control algorithm
which generates the commutation event 204A by integrating the inducted voltage of the non-fed or unexcited phase.
The integration starts when the non-fed phase’s inducted voltage crosses zero, and when the integrated value reaches
a predefined threshold value (which corresponds to a commutation point), the phase current is commutated. In response
to the commutation event 204A, the PWM modulator hardware 202 is updated with mask and swap values 203A generated
by the phase voltage masking and swapping process module 203.
[0021] The phase voltage observer and commutation event generator 204 may also include a stator period module
for calculating the stator period values 204B for input to the speed measurement hardware 205 by measuring the time
between successive commutation events. In selected embodiments, the stator period calculator is configured to filter
the commutation period to get suitable input values to the speed measurement hardware 205 by calculating each stator
period value 204B as the average from the last six commutation events, and then recalculating the averaged commutation
period as the stator period 204B. Using the calculated stator period values 204B, the speed measurement hardware
205 may recalculate the stator period 204B (e.g., TCOM) as the rotor speed 205B (e.g., 1/TCOM) for input to the phase
voltage controller 207. To increase rotor speed estimation precision, the speed measurement hardware 205 is also
connected to receive a slip compensation correction value 206A (e.g., s) generated by the slip compensation module
206 from the actual DC-bus current value 201E, thereby calculating the rotor speed 205A as the product of the slip and
stator speed (e.g., s ∗ 1/TCOM). In selected embodiments, the slip compensation correction value 206A, which represents
the estimate slip between the stator and rotor speed, may be calculated as a value s that is proportional to the actual
DC-bus current value IDC-BUS (e.g., s = k x IDC-BUS), where "k" is a motor construction constant. By including the slip
compensation correction 206A in the control loop, precision control is increased in the calculated rotor speed 205A that
is output to the phase voltage control 207. At the phase voltage controller 207, a speed PI controller processes the
estimate rotor speed 205A to generate the phase voltage amplitude signal 207A that is input to the PWM modulator 202
for generating the PWM gate control signals 202A-C.
[0022] Figure 3 is a simplified circuit schematic diagram of an electric motor system 300 in which a sensorless ACIM
microcontroller 301 selectively switches a full bridge inverter 320 to control a three-phase alternating current induction
motor 310 in accordance with selected embodiments of the present disclosure. In the disclosed electric motor system
300, the microcontroller 301 may be embodied as a pre-driver circuit which is connected to generate six PWM gate
control signals 308, such as by using the GD3000 driver manufactured by NXP Semiconductors or any other suitable
driver circuit. As illustrated, the PWM gate control signals 308 (e.g., PWM 1A-6A) from the microcontroller 301 are
connected to the bridge inverter circuit 330 as gate control signals at the plurality of power transistors 331-336 which
are connected with freewheeling diodes to selectively switch a supply voltage (e.g., UDC_BUS) and ground voltage input
applied across R3 resistor 323, thereby generating the inverter output phase signals 337-339 which are connected to
the ACIM 310, respectively, as phase voltage A 337, phase voltage B 338, and phase voltage C 339. With a "star" ACIM
310, the three motor phase signals 337-339 are terminated from the ACIM 310, while the common point is part of the
motor wiring. In this arrangement, the output PWM signals 308 may be applied to gate three pairs of power transistors
331-336 (one pair for each motor phase) to generate 3-phase inverter output phase signals 337-339. As indicated, each
of the inverter output phase signals 337-339 is also connected in a resistor divider feedback circuit 321-322 to the
microcontroller 301 as inducted voltage signals on the 3-channel feedback line 326. The microcontroller 301 may also
be connected to receive a feedback reference voltage signal 325, such as by applying the supply voltage (e.g., UDC_BUS)
to a resistor divider circuit 324 to generate the reference voltage 325 as half the supply voltage (e.g., VREF = UDC_BUS/2).
The microcontroller 301 may also be connected to receive a feedback power supply current signal 327, such as the DC
bus current drawn from the ground power supply (e.g., IDC_BUS).
[0023] At the microcontroller 301, the analog feedback signals 325-327 are digitally captured or measured by one or
more analog-to-digital (ADC) blocks 307 under control of one or more ADC trigger signals 305 to generate digital
commutation input signals 307A for the commutation unit 306 which determines the commutation events by detecting
the zero-crossing by sensing the motor’s non-fed phase voltage 326 and the DC-bus current 327 using the ADC 307.
In response to the digital commutation input signals 307A, the commutation unit 306 generates capture trigger signals
306A which convey zero crossing detection and commutation schedule information and which are provided to the two-
channel timer circuit 302 and six-channel timer circuit 303 which are set up to generate PWM signals 308 according
calculated commutation event to thereby control the power switches 331-336 in the inverter 330 so that only two phases
in the ACIM 310 are powered at time according to the estimated rotor speed, leaving the third stage for use in phase
voltage integration and/or actual DC bus current measurement for use in estimating the rotor speed. With a three-phase
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alternating current induction motor 310, the commutation process switches each phase between a connected phase
and an unconnected phase, requiring that the commutation block 306 generate six commutation events for each stator
magnetic field electrical revolution so that a commutation is done every 60° (6 x 60°= 360°). To this end, a primary clock
source 304 provides a system clock signal 304A to the timer circuits 302, 303 and to a programmable delay block 305
which also receives a synchronization pulse 302A generated by the six-channel timer circuit 302 to help synchronize
the ADC 307 with the generation of the PWM signals 308 by delaying the digital capture so that ADC measurement is
always performed at time when none of MOSFETs changing its conductivity state, effectively filter noise caused by
switching of power MOSFETs.
[0024] As disclosed herein, measurement by the ADC 307 is always performed at time when none of MOSFETs
changing its conductivity state. To generate PWM signals 308 that switch "OFF" the bottom and top power switches of
the non-fed phase, the microcontroller 301 may implement a complementary PWM mode wherein the top and bottom
switches of a phase are operated complementarily. In the complementary PWM mode, a dead time must be inserted
between the top and bottom switches to avoid any phase short circuit. The complementary switching can be implemented
in both a bipolar or unipolar manner. The unipolar switching leads to lower switching losses and current ripple. However,
from an inducted voltage point of view, the bipolar switching is a better choice since this allows having a duty cycle in
the range of 50-100 %. This significantly simplifies the inducted voltage and current sensing.
[0025] To provide additional details for an improved understanding of selected embodiments of the present disclosure,
reference is now made to Figure 4 which depicts timing diagram plots of shifted phase voltages 400, 410, 420 which
are applied to three stator windings during one electrical revolution of an electric motor rotor to illustrate a six-step
sensorless ACIM control technique in accordance with selected embodiments of the present disclosure. As illustrated,
the first phase voltage 400 (e.g., Phase A), the second phase voltage 410 (e.g., Phase B), and the third phase voltage
420 (e.g., Phase C) are mutually shifted from one another by 120° for respective application to the three stator windings
of the ACIM 310. Each phase voltage (e.g., Phase A 400) alternates between conduction intervals (CI) (e.g., 401, 404)
and ADC measurement (ADCM) intervals (e.g., 402-403, 405-406). In the conduction intervals, the phase is powered
by being connected to a positive voltage (e.g., 401) or a negative voltage (e.g., 404). However, during the ADCM intervals,
the unconnected phase can be used to measure the phase voltage, though not during the current recirculation (CR)
intervals (e.g., 402, 405) when there is still transient current flowing or recirculating through the freewheeling diode in
the inverter (e.g., 330) just after the phase is disconnected from the DC bus (e.g., U). To trigger the ADC in time with
the required instance of the PWM pulse, the programmable delay block 305 issues time-delayed trigger signals 305 to
the ADC 307. With each of the shifted phase voltages (e.g., Phase A) including two commutation events (e.g., 403, 406)
during which the sampled voltage values are processed to compute the commutation time, there are six commutation
events generated between the three shifted phase voltages (e.g., Phase A, Phase B, Phase C) for each stator magnetic
field electrical revolution so that a commutation is done every 60° (6 x 60°= 360°).
[0026] The combined application of the shifted phase voltages 400, 410, 420 to the respective stator coils of the ACIM
310 result in the first stator coil (e.g., A) receiving a first Phase A voltage 400, while the second stator coil (e.g., B)
receives a second Phase B voltage 410 and the third stator coil (e.g., C) receives a third Phase C voltage 420. The
generated first Phase A voltage 400 includes a first conduction interval 401 (where the phase is connected to a positive
voltage), a first ADCM interval having a first CR interval 402 (when the phase is first disconnected) and a first VI interval
403 (when the floating voltage is integrated), a second conduction interval 404 (where the phase is connected to a
negative voltage), and a second ADCM interval having a second CR interval 405 (when the phase is first disconnected)
and a second VI interval 406 (when the floating voltage is integrated to measure the motor load). Shifted 120° from the
first Phase A voltage 400, the generated second Phase B voltage 410 includes a first conduction interval 414 (where
the phase is connected to a positive voltage), a first ADCM interval having a first CR interval 415 (when the phase is
first disconnected) and a first VI interval 416 (when the floating voltage is integrated), a second conduction interval 417,
411 (where the phase is connected to a negative voltage), and a second ADCM interval having a second CR interval
412 (when the phase is first disconnected) and a second VI interval 413 (when the floating voltage is integrated to
measure the motor load). And shifted 120° from the first Phase A voltage 400 and the second Phase B voltage 410, the
generated third Phase C voltage 420 includes a first conduction interval 426 (where the phase is connected to a positive
voltage), a first ADCM interval having a first CR interval 421 (when the phase is first disconnected) and a first VI interval
422 (when the floating voltage is integrated), a second conduction interval 423 (where the phase is connected to a
negative voltage), and a second ADCM interval having a second CR interval 424 (when the phase is first disconnected)
and a second VI interval 425 (when the floating voltage is integrated to measure the motor load).
[0027] To provide additional details for an improved understanding of selected embodiments of the present disclosure,
reference is now made to Figure 5 which illustrates the switching connections of the full bridge inverter in each of six
steps used to implement sensorless ACIM control. To simplify the representation of the switching circuits in the inverter
circuit, the upper and lower power transistors (e.g., 501, 502) and parallel-coupled freewheeling diodes (e.g., 503, 504)
connected to each phase voltage (e.g., Phase A) in the three-phase power stage inverter may be represented with a
single switch (e.g., 505) by virtue of the PWM gate control signals (e.g., PWM Q1, PWM Q2) applied to the upper and
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lower power transistors (e.g., 501, 502). By properly generating the PWM gate control signals, the upper and lower
power transistors in the inverter are connected in a first step 511 to route the current flow 521 through switches S1 and
S2 (but not switch S3) so that only two stator windings (e.g., A and B) are energized while the other stator winding (e.g.,
C) is not powered. In the first step switching configuration 511, the first phase voltage (e.g., Phase A) applied to the first
stator winding A is a positive voltage (e.g., UDC BUS) while the second phase voltage (e.g., Phase B) applied to the
second stator winding B is a negative voltage (e.g., -UDC BUS), while the disconnected third stator winding may be used
for voltage measurement. The first step switching configuration 511 corresponds to the indicated Step I in Figure 4.
[0028] In the depicted second step 512, the upper and lower power transistors in the inverter are connected to route
the current flow 522 through switches S1 and S3 (but not switch S2) so that only two stator windings (e.g., A and C) are
energized while the third other winding (e.g., B) is not powered. In the second step switching configuration 512, the first
phase voltage (e.g., Phase A) applied to the first stator winding A is a positive voltage (e.g., UDC BUS) and the third phase
voltage (e.g., Phase C) applied to the third stator winding C is a negative voltage (e.g., -UDC BUS), while the disconnected
third stator winding B may be used for voltage measurement. The second step switching configuration 512 corresponds
to the indicated Step II in Figure 4.
[0029] In the depicted third step 513, the upper and lower power transistors in the inverter are connected to route the
current flow 523 through switches S2 and S3 (but not switch S1) so that only two stator windings (e.g., C and B) are
energized while the other stator winding (e.g., A) is not powered. In the third step switching configuration 513, the second
phase voltage (e.g., Phase B) applied to the second stator winding B is a positive voltage (e.g., UDC BUS) and the third
phase voltage (e.g., Phase C) applied to the third stator winding C is a negative voltage (e.g., -UDC BUS), while the
disconnected third stator winding A may be used for voltage measurement. The third step switching configuration 513
corresponds to the indicated Step III in Figure 4.
[0030] In the depicted fourth step 514, the upper and lower power transistors in the inverter are connected to route
the current flow 524 through switches S2 and S1 (but not switch S3) so that only two stator windings (e.g., B and A) are
energized while the other stator winding (e.g., C) is not powered. In the fourth step switching configuration 514, the
second phase voltage (e.g., Phase B) applied to the second stator winding B is a positive voltage (e.g., UDC BUS) and
the first phase voltage (e.g., Phase A) applied to the first stator winding A is a negative voltage (e.g., -UDC BUS), while
the disconnected third stator winding C may be used for voltage measurement. The fourth step switching configuration
514 corresponds to the indicated Step IV in Figure 4.
[0031] In the depicted fifth step 515, the upper and lower power transistors in the inverter are connected to route the
current flow 525 through switches S3 and S1 (but not switch S2) so that only two stator windings (e.g., C and A) are
energized while the other stator winding (e.g., B) is not powered. In the fifth step switching configuration 515, the third
phase voltage (e.g., Phase C) applied to the third stator winding C is a positive voltage (e.g., UDC BUS) and the first phase
voltage (e.g., Phase A) applied to the first stator winding A is a negative voltage (e.g., -UDC BUS), while the disconnected
third stator winding B may be used for voltage measurement. The fifth step switching configuration 515 corresponds to
the indicated Step V in Figure 4.
[0032] In the final depicted sixth step 516, the upper and lower power transistors in the inverter are connected to route
the current flow 526 through switches S3 and S2 (but not switch S1) so that only two stator windings (e.g., C and B) are
energized while the other stator winding (e.g., A) is not powered. In the sixth step switching configuration 516, the third
phase voltage (e.g., Phase C) applied to the third stator winding C is a positive voltage (e.g., UDC BUS) and the second
phase voltage (e.g., Phase B) applied to the second stator winding B is a negative voltage (e.g., -UDC BUS), while the
disconnected first stator winding A may be used for voltage measurement. The sixth step switching configuration 516
corresponds to the indicated Step VI in Figure 4.
[0033] As shown in Figure 5, each of the six inverter switching combinations that occur during an electrical revolution
are defined by a particular combination of switched power transistors (e.g., 331-336) at each step such that one top
power transistor switch and one bottom power transistor switch from the connected phases are turned ON while both
power transistor switches from the unconnected phase are turned OFF. For example, the switch S1 505 is shown as
connecting the Phase A to the DC bus voltage (UDCBUS) when the top power transistor switch 501 is turned ON and the
bottom power transistor switch 502 is turned OFF. As will be appreciated, the switch S1 505 could be configured to
connect the Phase A to the ground voltage (GND) when the top power transistor switch 501 is turned OFF and the
bottom power transistor switch 502 is turned ON. As a result, each of the depicted steps 511-516 reflects an interval
between two commutation events that can be measured from the unconnected phase, while also enabling creation of
the motor rotating field with the two connected phases.
[0034] In contrast to conventional motor control techniques, such as vector control or scalar control approaches, the
sensorless ACIM control techniques disclosed herein efficiently provide comparable or improved performance with low
cost and complexity and improved reliability. For example, conventional solutions, such as vector controllers, supply all
three voltage phases to the stator winding and use complicated mathematical models and expensive microcontrollers
to accurately measure three separate phase currents and bus voltages when computing the rotor position and speed.
Other conventional solutions, such as scalar controllers, supply all three voltage phases to the stator windings and
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generate a constant speed of stator field, regardless of the rotor position or speed, so there is no close loop control of
the rotor speed. As illustrated in Figure 6, which shows a graphical plot comparison of motor efficiency performance
result measurements (which includes both the motor and inverter efficiency), the motor efficiency performance of the
sensorless ACIM control techniques for energizing only two stator coils at any given time (plot line 601) closely tracks
the motor efficiency of conventional vector control techniques (plot line 602) over a wide range of motor loads, and
provides a significant improvement over the motor efficiency of conventional scalar control techniques (plot line 603),
especially in the higher end of motor loads. And as shown in Figure 7, which shows a graphical plot comparison of motor
speed measurement precision, the speed measurement precision for the sensorless ACIM control techniques for ener-
gizing only two stator coils at any given time (plot line 701) closely tracks the speed measurement precision of conventional
vector control techniques (plot line 702) over a wide range of motor loads, and provides a significant improvement over
the speed measurement precision of conventional scalar control techniques (plot line 703), especially in the higher end
of motor loads.
[0035] Turning now to Figure 8, there is illustrated a simplified flow chart sequence 800 of a software-based sensorless
method for controlling an alternating current induction motor in accordance with selected embodiments of the present
invention. As illustrated, the flow chart sequence is run for each of the three phase voltages (Phase A, Phase B, Phase
C) to track the connected and floating phase voltage status for purposes of integrating the floating phase voltage after
the freewheeling interval is completed. At step 801, the method starts as part of the main control algorithm with an
interrupt service routine that is invoked on a predetermined basis to periodically or otherwise control the motor by
generating 3-phase PWM output signals for a three-phase according to the user interface and feedback signals. For
example, the complete motor control algorithm, once initialized, may include an endless loop of speed control steps
which are periodically invoked with an interrupt to monitor and control the motor speed.
[0036] At steps 802-804, the phase voltage, DC bus voltage, and DC bus current are measured or otherwise obtained.
In selected embodiments, the phase voltage and DC bus current and voltage values are measured at an analog-to-
digital converter (ADC) which is connected to receive the phase voltages, reference DC bus voltage and DC bus current
in feedback from the inverter. By triggering the ADC with programmably delayed trigger capture signals, the measure-
ments from steps 802-804 can effectively be ignored or disregarded during the freewheeling interval (affirmative outcome
to decision step 805).
[0037] Once the freewheeling interval is complete (negative outcome to decision step 805), the measured phase
voltage is processed to detect whether the phase voltage is a rising edge or falling edge transition. If a rising edge phase
voltage is detected (affirmative outcome from decision step 806), then the initial inducted voltage value is set at step
807 as the difference from the measured phase voltage (from step 802) and DC bus voltage (e.g., UDC BUS/2) (from step
803). On the other hand, if a falling edge phase voltage is detected (negative outcome from decision step 806 and
affirmative outcome from decision step 808), then the initial inducted voltage value is set at step 809 as the difference
from the measured DC bus voltage (e.g., UDC BUS/2) and phase voltage.
[0038] If the initial inducted voltage is a negative value (negative outcome to decision step 810), this indicates that the
phase voltage is not ready for integration, such as shown at the VI interval 403 for Phase A in Figure 4. However, if the
initial inducted voltage is a positive value (affirmative outcome to decision step 810), this indicates that the phase voltage
is ready for integration, such as shown at the VI interval 406 for Phase A in Figure 4.
[0039] At step 811, the inducted voltage is integrated, such as by using an inducted voltage sensing technique wherein
only two phases of a ACIM motor are energized at a time and the third phase is a non-fed phase that can be used to
sense the inducted voltage. Having excluded or disregarded the measurement results from steps 802-804 during the
freewheeling interval after the commutation transient when there is a current recirculation and the fly-back diodes conduct
the decaying phase current, the measured phase voltage values can be properly integrated at step 811 in a feedback
loop for so long as a predetermined inducted voltage integral threshold is not reached (negative outcome to decision
step 812). In this way, each new sample of the phase voltage is compared to the midpoint of the DC bus voltage (e.g.,
UDC BUS/2) and added to integral of inducted voltage after the UDC BUS/2 is subtracted. After a predetermined inducted
voltage integral threshold is reached (affirmative outcome to decision step 812), a new commutation event is determined
(step 813). By filtering the commutation period between commutation events to get suitable input values, such as by
calculating the average commutation period from the last six commutation events, the averaged commutation period
may be recalculated as the motor speed. After performing the commutation processing (step 813) or otherwise proceeding
with negative outcomes from decision steps 808, 810, 812, the process returns to the main control algorithm at step 814.
[0040] Turning now to Figure 9, there is illustrated a simplified flow chart sequence 900 of an example commutation
sequence for a software-based sensorless method for controlling an alternating current induction motor in accordance
with selected embodiments of the present invention. At step 901, the method starts, such as when the commutation
process step 813 shown in Figure 8, is performed.
[0041] At step 902, the time period between successive commutation events is calculated. In selected embodiments,
the period between commutation events may be filtered to get suitable input values, such as by calculating the average
commutation period from the last six commutation events.
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[0042] At step 903, the switching state is picked up from the commutation table. In selected embodiments, the switching
state may be retrieved from the commutation table that is derived from the inducted voltage measured on the motor for
each of three phase voltages which may be connected to a positive or negative DC bus voltage or floating. In the example
commutation table below, if phase C is connected to a positive DC bus voltage and phase B is connected to a negative
DC bus voltage, the inducted voltage of phase A has to be evaluated for its switching state (e.g., Phase A Falling):

[0043] At step 904, the retrieved switching state is applied to all phases. In selected embodiments, the switching state
may be applied by the PWM generator.
[0044] At step 905, the stator speed or rotational velocity (VSTAT) is measured or calculated. In selected embodiments,
the stator speed is calculated by first deriving the average commutation period from the last six commutation events,
and the average commutation period TCOM may be recalculated as the motor stator speed (e.g., VSTAT = 1/TCOM).
[0045] At step 906, the estimated slip s between the stator and rotor speed for the ACIM is measured or calculated.
In selected embodiments, the estimate slip s is calculated as the product of a motor construction constant k and the
measured current drawn from the DC bus (IDC BUS) (e.g., s = k ∗ IDC BUS).
[0046] At step 907, the estimated rotor speed or rotational velocity (VROT) is measured or calculated. In selected
embodiments, the estimated rotor speed is calculated as the product of the estimated slip s and the stator speed or
rotational velocity (VSTAT) (e.g., VROT = s ∗ VSTAT).
[0047] At step 908, the commutation sequence returns to the sensorless method for controlling an alternating current
induction motor.
[0048] By now it should be appreciated that there is provided herein a method and apparatus for controlling a sensorless
alternating current induction motor (ACIM) which has a rotor and a stator with a plurality of stator windings. In the disclosed
methodology and apparatus, phase shifted voltages are applied to the plurality of stator windings such that two energized
stator windings are connected to first and second phase shifted voltages to cause rotation of the rotor relative to the
stator while a third phase shifted voltage is not connected to a floating stator winding. To generate the plurality of phase
shifted voltages, a plurality of pulse width modulated drive voltages may be selectively applied to a full bridge inverter
circuit to generate the first and second phase shifted voltages to have opposite polarity and to leave the third phase
shifted voltage floating. In selected embodiments, three phase shifted voltages may be applied to three stator windings,
where the three phase shifted voltages are shifted from one another by 120 degrees. As the phase shifted voltages are
applied, a DC bus current and an inducted voltage are measured from the ACIM while the third unconnected stator
winding is floating. In selected embodiments, the DC bus current and the inducted voltage are measured by sampling
the inducted voltage after expiration of a freewheeling interval in a third phase shifted voltage. Based on the DC bus
current and the inducted voltage, an estimated rotor speed is computed. In selected embodiments, the estimated rotor
speed is computed by integrating samples of an inducted voltage after expiration of the freewheeling interval until a
commutation threshold is reached to determine a commutation event. In addition, a commutation period may be computed
from a plurality of commutation events and an estimated stator speed may be computed from the commutation period.
In addition, an estimated slip between a stator speed and rotor speed may be computed based on the measured DC
bus current, and an estimated rotor speed may be computed as a product of the estimated slip and the estimated stator
speed.
[0049] In another form, there is provided a sensorless alternating current induction motor (ACIM) controller an asso-
ciated method of operation. In the disclosed ACIM controller and methodology, a driver power stage hardware circuit
having a plurality of power transistors selectively connects first and second reference voltages to generate a plurality of
phase shifted voltages under control of a plurality of PWM gate control signals, where the plurality of phase shifted
voltages are connected to a corresponding plurality of stator windings in an alternating current induction motor such that
a plurality of energized stator windings are energized to cause rotation of the rotor relative to the stator while at least
one stator winding is disconnected and floating. In selected embodiments, the plurality of phase shifted voltages are

Vector number Phase Voltage sensing

A B DCB- C PHASE_C_RISING

1 DCB+ NC

5 NC DCB- DCB+ PHASE_A_FALLING

4 DCB- NC DCB+ PHASE_B_RISING

6 OCB- DCB+ NC PHASE_C_FALLING

2 NC DCB+ DCB- PHASE_A_RISING

a DCB+ NC DCB- PHASE_B_FALLING
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three phase shifted voltages that are connected to three stator windings of the alternating current induction motor and
that are shifted from one another by 120 degrees. In selected embodiments, the driver power stage hardware circuit is
implemented as a full bridge inverter circuit which generates the plurality of phase shifted voltages such that the first
and second phase shifted voltages have opposite polarity. The disclosed ACIM controller also includes a processor that
is coupled to receive the plurality of phase shifted voltages and a DC bus current measurement. The processor is
configured to calculate an estimated slip based on a DC bus current value measured from the DC bus current meas-
urement. The processor is also configured to calculate a plurality of commutation events based on integration of an
inducted voltage from the alternating current induction motor while the at least one stator winding is disconnected and
floating. To this end, the ACIM controller may include an analog-to-digital converter circuit for integrating the inducted
voltage by sampling the inducted voltage after expiration of a freewheeling interval in a third phase shifted voltage. The
processor is also configured to calculate a rotor speed based on at least the estimated slip and stator speed derived
from the plurality of calculated commutation events. In selected embodiments, the processor may be configured to
determine a commutation event by integrating samples of an inducted voltage after expiration of the freewheeling interval
until a commutation threshold is reached. In addition, the processor may be configured to calculate a commutation period
from a plurality of commutation events and to compute the stator speed from the commutation period. In addition, the
processor may be configured to calculate the estimated slip as a product of a motor construction constant k and the DC
bus current measurement. In addition, the processor may be configured to calculate the rotor speed as a product of the
estimated slip and the stator speed. The disclosed ACIM controller also includes a pulse width modulator (PWM) hardware
circuit for generating the PWM gate control signals in response to the calculated rotor speed so that the driver power
stage hardware circuit energizes only the plurality of energized stator windings concurrently while leaving the at least
one stator winding unpowered.
[0050] Various illustrative embodiments of the present invention have been described in detail with reference to the
accompanying figures. While various details are set forth in the foregoing description, it will be appreciated that the
present invention may be practiced without these specific details, and that numerous implementation-specific decisions
may be made to the invention described herein to achieve the device designer’s specific goals, such as compliance with
process technology or design-related constraints, which will vary from one implementation to another. While such a
development effort might be complex and time-consuming, it would nevertheless be a routine undertaking for those of
ordinary skill in the art having the benefit of this disclosure. For example, selected aspects are depicted with reference
to simplified block diagrams and flow charts illustrating design and operational details of a sensorless ACIM control
method and apparatus without including every device feature or aspect in order to avoid limiting or obscuring the present
invention. Such descriptions and representations are used by those skilled in the art to describe and convey the substance
of their work to others skilled in the art, and the omitted details which are well known are not considered necessary to
teach one skilled in the art of how to make or use the present invention.
[0051] Although the described exemplary embodiments disclosed herein are directed to a method and apparatus in
which the ACIM stator magnetic field is generated by energizing only two motor phases at a time and using the third,
unconnected motor phase to measure the inducted voltage and actual DC bus current for use in estimating the rotor
speed in the context of 3-phase motor operation, the present invention is not necessarily limited to the example embod-
iments which illustrate inventive aspects of the present invention that are applicable to a wide variety of applications.
Thus, the particular embodiments disclosed above are illustrative only and should not be taken as limitations upon the
present invention, as the invention may be modified and practiced in different but equivalent manners apparent to those
skilled in the art having the benefit of the teachings herein. For example, the methodology and apparatus disclosed
herein may be applied to efficiently implement a sensorless motor control algorithm with low cost and complexity that is
suitable for variable or constant motor load applications requiring high startup torque and reasonable efficiency for the
entire load range without requiring complex sensors or precise measurements for three phase currents. While the
disclosed approach may result in slightly higher torque ripple and slightly lower speed control precision than can be
achieved with vector control solutions which use complicated motor models and require precise measurement of three
phase currents, the advantages of the present disclosure in terms of reduced cost and complexity easily outweigh such
disadvantages. In addition, the process steps may be performed in an alternative order than what is presented. Further-
more, those skilled in the art will recognize that boundaries between the functionality of the above described operations
merely illustrative. The functionality of multiple operations may be combined into a single operation, or the functionality
of a single operation may be distributed in additional operations. Moreover, alternative embodiments may include multiple
instances of a particular operation, and the order of operations may be altered in various other embodiments. Accordingly,
the foregoing description is not intended to limit the invention to the particular form set forth, but on the contrary, is
intended to cover such alternatives, modifications and equivalents as may be included within the spirit and scope of the
invention as defined by the appended claims so that those skilled in the art should understand that they can make various
changes, substitutions and alterations without departing from the spirit and scope of the invention in its broadest form.
[0052] As disclosed herein, the sensorless ACIM control computer product, computing device, system, method, and
apparatus may include or use computer program code executable on one or more central processing units or other
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processing devices to observe the DC bus current and phase voltage integration from the unconnected phase voltage
for use in detecting commutation events and computing therefrom the stator and rotor position and speed. As such, the
sensorless motor control may be implemented by way of executable program code stored within a non-transitory computer
program. As used herein, the expression non-transitory will be understood to refer to the non-ephemeral nature of the
storage medium itself rather than to a notion of how long the stored information itself may persist in a stored state.
Accordingly, memories that might otherwise be viewed, for example, as being volatile (such as many electronically-
erasable programmable read-only memories (EPROM’s) or random-access memories (RAM’s)) are nevertheless to be
viewed here as being "non-transitory" whereas a signal carrier in transit is to be considered "transitory" notwithstanding
that the signal may remain in transit for a lengthy period of time.). In other embodiments, the sensorless motor control
may be implemented by microcontroller, microprocessor, advanced RISC machine (ARM) processor, field-programmable
gate array (FPGA) and/or ad-hoc hardware (e.g., dedicated silicon solutions) in which the sensorless motor control
algorithms are advantageously embodied for more efficient processing and improved computational performance.
[0053] Benefits, other advantages, and solutions to problems have been described above with regard to specific
embodiments. However, the benefits, advantages, solutions to problems, and any element(s) that may cause any benefit,
advantage, or solution to occur or become more pronounced are not to be construed as a critical, required, or essential
feature or element of any or all the claims. As used herein, the terms "comprises," "comprising," or any other variation
thereof, are intended to cover a non-exclusive inclusion, such that a process, method, article, or apparatus that comprises
a list of elements does not include only those elements but may include other elements not expressly listed or inherent
to such process, method, article, or apparatus. In addition, the term "coupled," as used herein, is not intended to be
limited to a direct coupling or a mechanical coupling. Furthermore, the terms "a" or "an," as used herein, are defined as
one or more than one. Also, the use of introductory phrases such as "at least one" and "one or more" in the claims should
not be construed to imply that the introduction of another claim element by the indefinite articles "a" or "an" limits any
particular claim containing such introduced claim element to inventions containing only one such element, even when
the same claim includes the introductory phrases "one or more" or "at least one" and indefinite articles such as "a" or
"an." The same holds true for the use of definite articles. Unless stated otherwise, terms such as "first" and "second"
are used to arbitrarily distinguish between the elements such terms describe. Thus, these terms are not necessarily
intended to indicate temporal or other prioritization of such elements.

Claims

1. A method of controlling a sensorless alternating current induction motor (ACIM) comprising a rotor and a stator
comprising a plurality of stator windings, the method comprising:

applying a plurality of phase shifted voltages to the plurality of stator windings in the ACIM such that two energized
stator windings are connected to first and second phase shifted voltages to cause rotation of the rotor relative
to the stator while a third unconnected stator winding is floating;
measuring a DC bus current and an inducted voltage from the ACIM while the third unconnected stator winding
is floating;
computing an estimated rotor speed from the DC bus current and the inducted voltage, where measuring the
DC bus current and the inducted voltage comprises sampling the inducted voltage after expiration of a free-
wheeling interval in a third phase shifted voltage; characterised by
computing an estimated slip between a stator speed and rotor speed based on the measured DC bus current.

2. The method of claim 1, further comprising applying a plurality of pulse width modulated drive voltages to a full bridge
inverter circuit to generate the plurality of phase shifted voltages such that the first and second phase shifted voltages
have opposite polarity.

3. The method of claim 1 or claim 2, where computing the estimated rotor speed comprises integrating samples of an
inducted voltage after expiration of the freewheeling interval until a commutation threshold is reached to determine
a commutation event.

4. The method of claim 3, further comprising computing a commutation period from a plurality of commutation events
and the computing an estimated stator speed from the commutation period.

5. A sensorless alternating current induction motor (ACIM) controller comprising:

a driver power stage hardware circuit comprising a plurality of power transistors for selectively connecting first
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and second reference voltages to generate a plurality of phase shifted voltages under control of a plurality of
PWM gate control signals, where the plurality of phase shifted voltages are connected to a corresponding
plurality of stator windings in an alternating current induction motor such that a plurality of energized stator
windings are energized to cause rotation of the rotor relative to the stator while at least one stator winding is
disconnected and floating;
a processor coupled to receive the plurality of phase shifted voltages and a DC bus current measurement,
wherein the DC bus current is measured while said at least one stator winding is disconnected and floating,
wherein the processor is configured to calculate:

an estimated slip between a stator speed and rotor speed based on a DC bus current value measured from
the DC bus current measurement, wherein the estimated slip is calculated as a product of a motor con-
struction constant k and the DC bus current measurement;
a plurality of commutation events based on integration of an inducted voltage from the alternating current
induction motor while the at least one stator winding is disconnected and floating, wherein the inducted
voltage is sampled after expiration of a freewheeling interval in a third phase shifted voltage; and
a rotor speed based on at least the estimated slip and stator speed derived from the plurality of calculated
commutation events; and

a pulse width modulator (PWM) hardware circuit for generating the PWM gate control signals so that the driver
power stage hardware circuit energizes only the plurality of energized stator windings concurrently while leaving
the at least one stator winding unpowered.

6. The sensorless ACIM controller of claim 5, where the driver power stage hardware circuit comprises a full bridge
inverter circuit which generates the plurality of phase shifted voltages such that the first and second phase shifted
voltages have opposite polarity.

7. The sensorless ACIM controller of claim 5 or 6, further comprising analog-to-digital converter circuit for integrating
the inducted voltage by sampling the inducted voltage after expiration of a freewheeling interval in a third phase
shifted voltage.

8. The sensorless ACIM controller of claim 7, where the processor is configured to determine a commutation event by
integrating samples of an inducted voltage after expiration of the freewheeling interval until a commutation threshold
is reached.

9. The sensorless ACIM controller of any of claims 5 to 8, where the processor is configured to calculate a commutation
period from the plurality of commutation events and to compute the stator speed from the commutation period.

10. A system for controlling a sensorless alternating current induction motor (ACIM) comprising a rotor and a stator
comprising a plurality of stator windings, the system comprising:

a full bridge inverter circuit for generating a plurality of phase shifted voltages under control of a plurality of
PWM control signals, where the plurality of phase shifted voltages are connected to a corresponding plurality
of stator windings in an alternating current induction motor such that a plurality of energized stator windings are
energized in a connected phase to cause rotation of the rotor relative to the stator while at least one stator
winding is floating in a disconnected phase;
a phase voltage observer coupled to receive the plurality of phase shifted voltages from the full bridge inverter
circuit for generating a plurality of commutation events for each of the plurality of phase shifted voltages by
integrating an inducted phase voltage during the disconnected phase and producing a stator period measure
based on the plurality of commutation events, wherein the inducted voltage is sampled after expiration of a
freewheeling interval in a third phase shifted voltage;
a slip compensation block coupled to receive a DC bus current measurement value from the full bridge inverter
circuit for computing an estimated slip between a stator speed and rotor speed, wherein the estimated slip is
calculated as a product of a motor construction constant k and the DC bus current measurement, and wherein
the DC bus current is measured while said at least one stator winding is disconnected and floating;
a speed measurement hardware circuit for producing an estimated rotor speed based on the estimated slip and
stator period measure; and
a pulse width modulator (PWM) hardware circuit for generating the PWM control signals in response to the
estimated rotor speed so that the full bridge inverter circuit energizes only the plurality of energized stator
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windings concurrently while leaving the at least one stator winding unpowered.

Patentansprüche

1. Verfahren zur Steuerung eines sensorlosen Wechselstrominduktionsmotors (ACIM), der einen Rotor und einen
Stator umfasst, welcher eine Vielzahl von Statorwicklungen umfasst, wobei das Verfahren umfasst:

Anlegen einer Vielzahl von phasenverschobenen Spannungen an die Vielzahl der Statorwicklungen in dem
ACIM, so dass zwei erregte Statorwicklungen mit ersten und zweiten phasenverschobenen Spannungen ver-
bunden sind, um Rotation des Rotors relativ zu dem Stator zu bewirken, während eine dritte nicht-verbundene
Statorwicklung potentialfrei ist;
Messen eines DC-Busstroms und einer induzierten Spannung von dem ACIM, während die dritte nicht-verbun-
dene Statorwicklung potentialfrei ist;
Berechnen einer geschätzten Rotordrehzahl aus dem DC-Busstrom und der induzierten Spannung, wobei
Messen des DC-Busstroms und der induzierten Spannung Abtasten der induzierten Spannung nach Ablauf
eines Freilaufintervalls in einer dritten phasenverschobenen Spannung umfasst;
gekennzeichnet durch
Berechnen eines geschätzten Schlupfs zwischen einer Statordrehzahl und einer Rotordrehzahl basierend auf
dem gemessenen DC-Busstrom.

2. Verfahren nach Anspruch 1, des Weiteren umfassend Anlegen einer Vielzahl von pulsbreitenmodulierten Treiber-
spannungen an eine Vollbrückeninverterschaltung, um die Vielzahl von phasenverschobenen Spannungen zu ge-
nerieren, so dass die erste und die zweite phasenverschobene Spannung entgegengesetzte Polarität aufweisen.

3. Verfahren nach Anspruch 1 oder Anspruch 2, wobei Berechnen der geschätzten Rotordrehzahl Integrieren von
Abtastwerten einer induzierten Spannung nach Ablauf des Freilaufintervalls umfasst, bis ein Kommutierungsschwel-
lenwert erreicht ist, um ein Kommutierungsereignis zu ermitteln.

4. Verfahren nach Anspruch 3, des Weiteren umfassend Berechnen einer Kommutierungsperiode aus einer Vielzahl
von Kommutierungsereignissen und Berechnen einer geschätzten Statordrehzahl aus der Kommutierungsperiode.

5. Sensorlose Steuerung eines Wechselstrominduktionsmotors (ACIM), umfassend:

eine Hardwareschaltung der Treiberleistungsstufe, umfassend eine Vielzahl von Leistungstransistoren zum
selektiven Verbinden von ersten und zweiten Referenzspannungen, um eine Vielzahl von phasenverschobenen
Spannungen unter Steuerung einer Vielzahl von PWM-Gate-Steuersignalen zu generieren, wobei die Vielzahl
der phasenverschobenen Spannungen mit einer entsprechenden Vielzahl der Statorwicklungen in einem Wech-
selstrominduktionsmotor verbunden ist, so dass eine Vielzahl von erregten Statorwicklungen erregt wird, um
Rotation des Rotors relativ zu dem Stator zu bewirken, während mindestens eine Statorwicklung nicht-verbun-
den und potentialfrei ist;
einen Prozessor, der zum Empfangen der Vielzahl von phasenverschobenen Spannungen und einer DC-Bus-
strommessung gekoppelt ist, wobei der DC-Busstrom gemessen wird, während die mindestens eine Stator-
wicklung nicht-verbunden und potentialfrei ist, während der Prozessor so konfiguriert ist, dass er folgendes
berechnet:

einen geschätzten Schlupf zwischen einer Statordrehzahl und Rotordrehzahl basierend auf einem Strom-
wert des DC-Busses, der aus der DC-Busstrommessung gemessen wird, wobei der geschätzte Schlupf
als Produkt einer Motorkonstruktionskonstante k und der DC-Busstrommessung berechnet wird;
eine Vielzahl von Kommutierungsereignissen basierend auf Integration einer induzierten Spannung aus
dem Wechselstrominduktionsmotor, während die mindestens eine Statorwicklung nicht-verbunden und
potentialfrei ist, wobei die induzierte Spannung nach Ablauf eines Freilaufintervalls in einer dritten phasen-
verschobenen Spannung abgetastet wird; und
eine Rotordrehzahl basierend auf mindestens dem geschätzten Schlupf und der Statordrehzahl, die von
der Vielzahl der berechneten Kommutierungsereignisse abgeleitet ist; und

eine Pulsbreitenmodulator- (PWM)-Hardwareschaltung zum Generieren der PWM-Gate-Steuersignale, so dass
die Hardwareschaltung der Treiberleistungsstufe nur die Vielzahl der erregten Statorwicklungen gleichzeitig
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erregt, während die mindestens eine Statorwicklung antriebslos gelassen wird.

6. Sensorlose ACIM-Steuerung nach Anspruch 5, wobei die Hardwareschaltung der Treiberleistungsstufe eine Voll-
brückeninverterschaltung umfasst, welche die Vielzahl von phasenverschobenen Spannungen generiert, so dass
die erste und zweite phasenverschobene Spannung entgegengesetzte Polarität aufweisen.

7. Sensorlose ACIM-Steuerung nach Anspruch 5 oder 6, des Weiteren umfassend eine analog-zu-digital-Wandler-
schaltung zum Integrieren der induzierten Spannung durch Abtasten der induzierten Spannung nach Ablaufen eines
Freilaufintervalls in einer dritten phasenverschobenen Spannung.

8. Sensorlose ACIM-Steuerung nach Anspruch 7, wobei der Prozessor konfiguriert ist, um ein Kommutierungsereignis
zu ermitteln, indem Abtastwerte einer induzierten Spannung nach Ablauf des Freilaufintervalls integriert werden,
bis ein Kommutierungsschwellenwert erreicht ist.

9. Sensorlose ACIM-Steuerung nach einem der Ansprüche 5 bis 8, wobei der Prozessor konfiguriert ist, um aus der
Vielzahl der Kommutierungsereignisse eine Kommutierungsperiode zu berechnen und die Statordrehzahl aus der
Kommutierungsperiode zu berechnen.

10. System zur Steuerung eines sensorlosen Wechselstrominduktionsmotors (ACIM), der einen Rotor und einen Stator
umfasst, welcher eine Vielzahl von Statorwicklungen umfasst, wobei das System umfasst:

eine Vollbrückeninverterschaltung zum Generieren einer Vielzahl von phasenverschobenen Spannungen unter
Steuerung einer Vielzahl von PWM-Steuersignalen, wobei die Vielzahl der phasenverschobenen Spannungen
mit einer entsprechenden Vielzahl der Statorwicklungen in einem Wechselstrominduktionsmotor verbunden ist,
so dass eine Vielzahl von erregten Statorwicklungen in einer verbundenen Phase erregt wird, um Rotation des
Rotors relativ zu dem Stator zu bewirken, während mindestens eine Statorwicklung in einer nicht-verbundenen
Phase potentialfrei ist;
einen Phasenspannungsbeobachter, der zum Empfangen der Vielzahl von phasenverschobenen Spannungen
aus der Vollbrückeninverterschaltung gekoppelt ist, um eine Vielzahl von Kommutierungsereignissen für jede
der Vielzahl von phasenverschobenen Spannungen zu generieren, indem eine induzierte Phasenspannung
während der nicht-verbundenen Phase integriert und eine Statorperiodenmessung basierend auf der Vielzahl
der Kommutierungsereignisse produziert wird, wobei die induzierte Spannung nach Ablauf eines Freilaufinter-
valls in einer dritten phasenverschobenen Spannung abgetastet wird;
einen Schlupfkompensationsblock, der zum Empfangen eines Messwerts des DC-Busstroms von der Vollbrü-
ckeninverterschaltung gekoppelt ist, um einen geschätzten Schlupf zwischen einer Statordrehzahl und einer
Rotordrehzahl zu berechnen, wobei der geschätzte Schlupf als Produkt einer Motorkonstruktionskonstanten k
und der DC-Busstrommessung berechnet wird, und wobei der DC-Busstrom gemessen wird, während die
mindestens eine Statorwicklung nicht-verbunden und potentialfrei ist;
eine Hardwareschaltung zur Drehzahlmessung, um eine geschätzte Rotordrehzahl basierend auf dem ge-
schätzten Schlupf und der Statorperiodenmessung zu produzieren; und
eine Pulsbreitenmodulator- (PWM)-Hardwareschaltung zum Generieren der PWM-Steuersignale in Reaktion
auf die geschätzte Rotordrehzahl, so dass die Vollbrückeninverterschaltung nur die Vielzahl der erregten Sta-
torwicklungen gleichzeitig erregt, während die mindestens eine Statorwicklung antriebslos gelassen wird.

Revendications

1. Procédé de commande d’un moteur à induction à courant alternatif (ACIM) sans capteur comprenant un rotor et un
stator comprenant une pluralité d’enroulements de stator, le procédé comprenant :

l’application d’une pluralité de tensions déphasées à la pluralité d’enroulements de stator dans l’ACIM de telle
sorte que deux enroulements de stator alimentés soient branchés à des première et deuxième tensions dépha-
sées pour provoquer une rotation du rotor par rapport au stator pendant qu’un troisième enroulement de stator
non branché est flottant ;
la mesure d’un courant de bus CC et d’une tension induite provenant de l’ACIM pendant que le troisième
enroulement de stator non branché est flottant ;
le calcul d’une vitesse de rotor estimée à partir du courant de bus CC et de la tension induite, la mesure du
courant de bus CC et de la tension induite comprenant l’échantillonnage de la tension induite après expiration
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d’un intervalle de roue libre dans une troisième tension déphasée ; caractérisé par
le calcul d’un décalage estimé entre une vitesse de stator et une vitesse de rotor sur la base du courant de bus
CC mesuré.

2. Procédé de la revendication 1, comprenant en outre l’application d’une pluralité de tensions d’excitation modulées
en largeur d’impulsion à un circuit onduleur à pont complet pour générer la pluralité de tensions déphasées de telle
sorte que les première et deuxième tensions déphasées aient une polarité opposée.

3. Procédé de la revendication 1 ou la revendication 2, dans lequel le calcul de la vitesse de rotor estimée comprend
l’intégration d’échantillons d’une tension induite après expiration de l’intervalle de roue libre jusqu’à ce qu’un seuil
de commutation soit atteint pour déterminer un événement de commutation.

4. Procédé de la revendication 3, comprenant en outre le calcul d’une période de commutation à partir d’une pluralité
d’événements de commutation et le calcul d’une vitesse de stator estimée à partir de la période de commutation.

5. Contrôleur de moteur à induction à courant alternatif (ACIM) sans capteur comprenant :

un circuit matériel d’étage de puissance d’excitation comprenant une pluralité de transistors de puissance
destinés à brancher sélectivement des première et deuxième tensions de référence pour générer une pluralité
de tensions déphasées sous le contrôle d’une pluralité de signaux de commande de grille PWM, la pluralité de
tensions déphasées étant branchée à une pluralité correspondante d’enroulements de stator dans un moteur
à induction à courant alternatif de telle sorte qu’une pluralité d’enroulements de stator alimentés sont alimentés
pour provoquer une rotation du rotor par rapport au stator pendant qu’au moins un enroulement de stator est
débranché et flottant ;
un processeur couplé pour recevoir la pluralité de tensions déphasées et une mesure de courant de bus CC,
le courant de bus CC étant mesuré pendant que ledit au moins un enroulement de stator est débranché et
flottant, le processeur étant configuré pour calculer :

un décalage estimé entre une vitesse de stator et une vitesse de rotor sur la base d’une valeur de courant
de bus CC mesurée à partir de la mesure de courant de bus CC, le décalage estimé étant calculé comme
un produit d’une constante de construction de moteur k et de la mesure de courant de bus CC ;
une pluralité d’événements de commutation sur la base de l’intégration d’une tension induite provenant du
moteur à induction à courant alternatif pendant que l’au moins un enroulement de stator est débranché et
flottant, la tension induite étant échantillonnée après expiration d’un intervalle de roue libre dans une troi-
sième tension déphasée ; et
une vitesse de rotor au moins sur la base du décalage estimé et d’une vitesse de stator dérivée de la
pluralité d’événements de commutation calculés ; et

un circuit matériel de modulateur de largeur d’impulsion (PWM) destiné à générer les signaux de commande
de grille PWM de telle sorte que le circuit matériel d’étage de puissance d’excitation alimente uniquement la
pluralité d’enroulements de stator alimentés simultanément tout en laissant l’au moins un enroulement de stator
non alimenté.

6. Contrôleur d’ACIM sans capteur de la revendication 5, dans lequel le circuit matériel d’étage de puissance d’excitation
comprend un circuit onduleur à pont complet qui génère la pluralité de tensions déphasées de telle sorte que les
première et deuxième tensions déphasées ont une polarité opposée.

7. Contrôleur d’ACIM sans capteur de la revendication 5 ou 6, comprenant en outre un circuit convertisseur analogique-
numérique destiné à intégrer la tension induite en échantillonnant la tension induite après expiration d’un intervalle
de roue libre dans une troisième tension déphasée.

8. Contrôleur d’ACIM sans capteur de la revendication 7, dans lequel le processeur est configuré pour déterminer un
événement de commutation en intégrant des échantillons d’une tension induite après expiration de l’intervalle de
roue libre jusqu’à ce qu’un seuil de commutation soit atteint.

9. Contrôleur d’ACIM sans capteur de l’une quelconque des revendications 5 à 8, dans lequel le processeur est
configuré pour calculer une période de commutation à partir de la pluralité d’événements de commutation et pour
calculer la vitesse de stator à partir de la période de commutation.
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10. Système destiné à commander un moteur à induction à courant alternatif (ACIM) sans capteur comprenant un rotor
et un stator comprenant une pluralité d’enroulements de stator, le système comprenant :

un circuit onduleur à pont complet destiné à générer une pluralité de tensions déphasées sous le contrôle d’une
pluralité de signaux de commande PWM, la pluralité de tensions déphasées étant branchée à une pluralité
correspondante d’enroulements de stator dans un moteur à induction à courant alternatif de telle sorte qu’une
pluralité d’enroulements de stator alimentés sont alimentés dans une phase branchée pour provoquer une
rotation du rotor par rapport au stator pendant qu’au moins un enroulement de stator est flottant dans une phase
débranchée ;
un observateur de tension de phase couplé pour recevoir la pluralité de tensions déphasées provenant du circuit
onduleur à pont complet pour générer une pluralité d’événements de commutation pour chacune de la pluralité
de tensions déphasées en intégrant une tension de phase induite pendant la phase débranchée et pour produire
une mesure de période de stator sur la base de la pluralité d’événements de commutation, la tension induite
étant échantillonnée après expiration d’un intervalle de roue libre dans une troisième tension déphasée ;
un bloc de compensation de décalage couplé pour recevoir une valeur de mesure de courant de bus CC
provenant du circuit onduleur à pont complet pour calculer un décalage estimé entre une vitesse de stator et
une vitesse de rotor, le décalage estimé étant calculé comme un produit d’une constante de construction de
moteur k et de la mesure de courant de bus CC, et le courant de bus CC étant mesuré pendant que ledit au
moins un enroulement de stator est débranché et flottant ;
un circuit matériel de mesure de vitesse destiné à produire une vitesse de rotor estimée sur la base du décalage
estimé et de la mesure de période de stator ; et
un circuit matériel de modulateur de largeur d’impulsion (PWM) destiné à générer les signaux de commande
PWM en réponse à la vitesse de rotor estimée de telle sorte que le circuit onduleur à pont complet alimente
uniquement la pluralité d’enroulements de stator alimentés simultanément tout en laissant l’au moins un en-
roulement de stator non alimenté.
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