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(57) Abstract: A method calibrates a current sensing instant
to latch a current value from a set of current signals (402 in
FIG. 4). A current command including a magnitude at a
Gamma angle is provided to control a motor when the motor
is operating in a motoring mode at a shaft speed (404). A
matching current command including a same magnitude at a
same Gamma angle is provided to control the motor when the
motor is operating in a braking mode at a same shaft speed
(408). A first actual averaging rms current magnitude of three
phase currents of the motor is monitored when the motor is
controlled by the current command and operating in the mo-
toring mode (406). A second actual averaging rms current
magnitude of the three phase currents of the motor is mon-
itored when the motor is controlled by the matching current
command and operating in the braking mode (410). A current
sensing instant is adjusted (416) until an observed first actual
averaging rms current magnitude in the motoring mode
equals an observed second actual averaging rms current mag-
nitude in the braking mode.



WO 2012/118578 A2 |IIIWAK 00TV 0 T AU A

(84) Designated States (unless otherwise indicated, for every SE, SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CL CM,
kind of regional protection available). ARIPO (BW, GH, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ, .
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, Kz, MD, Y'ublished:
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, — without international search report and to be republished
DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, upon receipt of that report (Rule 48.2(g))

LT, LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS,



WO 2012/118578 PCT/US2012/022824

SYSTEM FOR CALIBRATING AN ELECTRICAL CONTROL
SYSTEM ’

TECHNICAL FIELD

[0001] The present description relates generally to a system and method,

generally referred to as a system, for calibrating an electrical control system.

BACKGROUND

[0002] Motors, such as alternating current machine like an interior permanent
magnet (IPM) motor, a synchronous [PM machine (IPMSM), conventional
induction machines, surface mounted PM machines (SMPM), other alternating
current machines, or various other machines, may be controlled and/or powered in
various ways. For example, motors may be powered using a battery, electricity,
fossil fuels, motors, supply voltages, or other sources. Motors may be controlled

manually and/or with the assistance of computer processors.

SUMMARY

[0003] A method calibrates a current sensing instant to latch a current value
from a set of current signals. A current command including a magnitude at a
Gamma angle is provided to control a motor when the motor is operating in a
motoring mode at a shaft speed. A matching current command including a same
magnitude at a same Gamma angle is provided to control the motor when the
motor is operating in a braking mode at a same shaft speed. A first actual
averaging rms current magnitude of three phase currents of the motor is monitored
when the motor is controlled by the current command and operating in the
motoring mode. A second actual averaging rms current magnitude of the three
phase currents of the motor is monitored when the motor is controlled by the
matching current command and operating in the braking mode. A current sensing
instant is adjusted until an observed first actual averaging rms current magnitude
in the motoring mode equals an observed second actual averaging rms current
magnitude in the braking mode.

[0004]  Other systems, methods, features and advantages will be, or will

become, apparent to one with skill in the art upon examination of the following
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figures and detailed description. It is intended that all such additional systems,
methods, features and advantages be included within this description, be within
the scope of the embodiments, and be protected by the following claims and be
defined by the following claims. Further aspects and advantages are discussed

below in conjunction with the description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The system and/or method may be better understood with reference to
the following drawings and description. Non-limiting and non-exhaustive
descriptions are described with reference to the following drawings. The
components in the figures are not necessarily to scale, emphasis instead being
placed upon illustrating principles. In the figures, like referenced numerals may
refer to like parts throughout the different figures unless otherwise specified.
[0006] FIG. 1is a block diagram a control system for controlling a motor.
[0007]  FIG. 2 is a block diagram of an electronic data processing system useful
with a control system for controlling a motor.

[0008] FIG. 3 is a signal diagram in a motoring mode and a braking mode fora °
motor.

[0009] FIG. 4 is a flow chart of a method of calibrating a current sensing
instant.

[0010] FIG. 5 is a flow chart of a method of calibrating a current sensing
instant.

[0011]) FIG. 6 is a flow chart of a method of generating a lookup table with
scaling coefficients.

[0012] FIG. 7 is a circuit diagram of a portion of a control system for
controlling a motor.

[0013] FIG. 8 is a block diagram of a portion of a control system for controlling

a motor.

DETAILED DESCRIPTION

[0014]  In many motorized systems, precise control of the operation of motors

may be desired, and in some situations, required. Precision control and operation
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of motors may require an understanding of the properties of the motor, as well as
significant processing capabilities

IOOISi FIG. 1 illustrates a control system which may be used for controlling
one or more motors, such as a motor 117. The control system may include one or
more of an electronic data processing system 120, an inverter switching circuit
188, a sensor 115, and/or a vehicle data bus 118. More or less components or
features may be included. The control system may refer to a combination of the
electronic data processing system 120, the inverter switching circuit 188, and the
sensor 115. In some systems, the control system may include the vehicle data bus
118. In other systems, the control system may only refer to the electronic data
processing system 120 and/or the inverter switching circuit 188. The motor 117
and/or mechanical shaft 126 shown in FIG. 1 may or may not be considered a part
of the control system. In some embodiments, the control system of FIG. 1, aside
from the motor 117, may be referred to as an inverter or a motor controller.

[0016] The control system may be implemented and/or used to control one or
more motors, such as, for example, a motor 117. The motor 117 may refer to
various machines or motors, such as an alternating current machine like an interior
permanent magnet (IPM) motor, a synchronous IPM machine (IPMSM),
conventional induction machinés, surface mounted PM machines (SMPM), other
alternating current machines, or various other machines. In some embodiments,
an IPMSM may have favorable advantages compared with conventional induction
machines or surface mounted PM machines (SMPM) such as high efficiency, high
power density, wide constant power operating region, and less maintenance, for
instance. For simplicity, the controlled machine may be referred to as motor 117,
but it should be appreciated that the disclosure is not limited to a motor.

[0017]  Motor 117 may function and/or operate in various ways. For example,
the motor 117 may be powered and/or controlled by a power supply. The power
supply may, for example, be a voltage source (or source voltage) or a voltage
supply (or supply voltage), such as a battery, electricity, bus voltage (such as
direct current bus voltage), and/or other power, voltage, or current supplies.
[0018] The motor 117 may require, receive, be powered by, and/or operate

based on a control signal. The control signal may, for example, be a current
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and/or voltage command, such as a three-phase current and/or voltage command.
The control signal may physically power the motor 117, and/or may instruct the
machine how to operate. The control signal may contain and/or deliver power
from the power supply to the motor.
[0019]  The control signal may, for example, be sent to the motor 117 by the
inverter switching circuit 188, a generation module 112 such as a pulse width
modulation generator, or other features or components. Other ways of operating
and/or powering the motor 117 may be possible.
[0020] Motor 117 may be operable and/or function in various modes. For
example, the motor 117 may be operable and/or function in a motoring mode. A
motoring mode may refer to a mode where the motor 117 drives an attached
mechanical shaft, such as mechanical shaft 126, or other device in a direction, with
a speed, at an acceleration, and/or with a power. For example, a motoring mode
may refer to a mode where the motor 117, attached to a larger machine such as a
vehicle, drives, powers, propels, and/or accelerates the larger machine in a first
direction. The motoring mode may refer to a mode where the motor 117 is
consuming and/or receiving power from a power supply.
[0021] The motoring mode may be initiated by a command, such as a command
from a user. For example, a user may instruct the control system and/or motor,
though a user interface, to power the motor. An example of a user interface may
be the controller 266 shown in FIG. 2 and discussed below. The control system
may process the instruction and produce a signal and/or command to drive the
motor.
[0022] Motor 117 may also operate in a braking mode, or a generating mode.
A braking mode, or generating mode, may refer to a mode where the motor 117 is
not driving and/or powering a machine. For example, a braking mode may exist
or refer to where a motor 117 is running and no power signal and/or command is
being sent to the motor 117. In the braking or generating mode, the motor 117
may be generating a charge and/or supplying electrical power and/or voltage to the
power supply. For example, a rotating motor which may be idling may generate a
signal and/or charge from its rotation which may be transmitted to the power

source for the motor and/or control system, such as a dc bus voltage source. The
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braking mode may refer to a mode of operation where the motor is supplying
power to the power source. In some systems, braking mode may refer to an
operation of the motor 117 where the motor 117 and/or mechanical shaft 126 is
rotated in an opposite direction than in the motoring mode.

[0023] In some embodiments, a distinction between a motoring mode and a
braking mode is that a motoring mode refers to a period where a motor 117 is
consuming power from the power supply, and the braking mode (or generation
mode) may refer to where the motor 117 is feeding power back into the power
supply. Other modes of operating the motor 117 are possible.

[0024] As mentioned and shown in FIG. 1, the motor 117 may be connected to,
coupled with, and/or in communication with the inverter switching circuit 188.
[0025]  The inverter switching circuit 188 may receive command signals from
the electronic data processing system 120, such as from the generation module
112. For example, the generation module 112 may provide inputs to a driver stage
within the inverter circuit 188. Such command signals may be generated, and/or
transmitted by the generation module 112 to the inverter switching circuit 188 to
be processed and sent to the motor 117 for controlling and/or driving the motor
117. In some systems, such commands may be referred to as voltage commands,
or three phase voltage commands.

[0026] The inverter switching circuit 188 may be powered by a power supply.
In some configurations, the inverter switching circuit 188 and/or the power supply
to the inverter switching circuit 188 may be considered the power supply for the
motor 117. In some configurations, the power supply may be a direct current
(DC) voltage bus. The power supply may alternatively be a voltage source (or
source voltage) or a voltage supply (or supply voltége), such as a battery,
electricity, another bus voltage, and/or other power, voltage, or current supplies.
Other power supplies and configuration are possible. ‘

[0027]  The inverter switching circuit 188 may include power electronics, such
as switching semiconductors, which may function and/or be used to generate,
modify and/or control pulse-width modulated signals or other alternating current
signals, such as pulse, square wave, sinusoidal, or other waveforms. The inverter

switching circuit 188 may include a semiconductor drive circuit that drives or
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controls switching semiconductors (e.g., insulated gate bipolar transistors (IGBT)
or other power transistors) to output the generated and/or modified control signals
to the motor 117. _

[0028] As mentioned, the inverter switching circuit 188 may receive a voltage
command, or other command signal, from a generation module 112. The inverter
switching circuit 188 may provide voltage, current, and/or power signals or
commands based on the received command signals to the motor 117. For
example, the inverter switching circuit 188 may receive commands and/or
command signals from the generation module 112, may transform supply voltage
supplied to and/or fed to the inverter switching circuit 188 into a voltage command
and/or voltage signal, and/or may transmit or otherwise send the voltage command
and/or voltage signal to the motor 117. The command and/or signal generated by
the inverter switching circuit 188 may be, and/or may also be referred to as, a
voltage command, a terminal voltage command, or a dg-axis voltage command.
[0029]  Control signals or commands provided by the inverter switching circuit
188 to the motor 117 may control and/or drive the motor 117. For example, an
output stage, port, or trgnsmission of the inverter switching circuit 188 may
provide and/or transmit a pulse-width modulated voltage waveform or other
voltage signal for control of the motor. Control signals and/or commands
provided by the inverter switching circuit 188 to the motor 117 may or may not be
based on and/or related to the command signals received by the inverter switching
circuit 188 from the generation module 112,

[0030] The motor 117 may be attached to, connected with, and/or in
communication with a mechanical shaft 126. The mechanical shaft 126 may be
configured and/or attached to the motor 117 such that when the motor 117 is
running, the mechanical shaft 126 may rotate or otherwise be displaced. As an
example, a motor 117 may drive a rotation of the mechanical shaft 126. In this
way, an object attached to an end of the mechanical shaft, such as a wheel, may be
rotated by the motor 117. The mechanical shaft 126 may be a motor shaft, or
various other shafts.

10031]  The mechanical shaft 126 may be various shapes, sizes, and/or

dimensions, and may be made of various materials. For example, a mechanical
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shaft 126 may be any mechanical shaft configured and/or capable of being used
with a motor 117, such as a shaft in a vehicle attached to a vehicle motor. Other
mechanical shafts may be possible.

[0032] The motor 117 may also be associated with a sensor 115. The sensor
115 may be, and/or may include a position sensor, a brushless resolver, another
resolver, an encoder position sensor, a speed sensor, a shaft or rotor speed
detector, a digital position encoder, a direct current motor, an optical encoder, a
magnetic field sensor such as a Hall Effect sensor, a magneto-resistive sensor, or
various combination of sensors, encoders, or encoders. An output of the sensor
may include analog signals, digital signals, or both. Other sensors may be
possible.

[0033]  Sensor 115 may be connected, attached to, and/or in communication
with the mechanical shaft 126 and/or the motor 117. For example, the sensor 115
may be mounted on or integral with the mechanical shaft 126. This may be useful
in systems where a rotation or displacement of the mechanical shaft can be easily
and/or directly correlated with one or more properties of the motor 117.
Alternatively, the sensor 115 may be connected directly to the motor and/or other
cofnponents attached to or in communication with the motor. In addition, more
than one sensor 115 may be used in some systems. For example, one sensor 115
may be used to sense data for each phase of a three phase motor. Various
configurations are possible.

[0034] The sensor 115 may be used to monitor, measure, and/or estimate one or
more properties of the motor 117 and/or the mechanical shaft 126. Where the
sensor 115 is connected or attached to the mechanical shaft, the sensor 115 may,
for example, monitor, measure, and/or estimate properties of the mechanical shaft
126, such as an angular position of the mechanical shaft 126, a speed or velocity
of the mechanical shaft 126, and/or a direction of rotation of the mechanical shaft
126. Alternatively, the sensor 115 may measure one or more properties of a motor
117 directly, such as, for example, an angular position of the motor 1 17, a speed or
velocity of the motor 117, and/or a direction of rotation of the motor 117.

[0035] In some configurations, the sensor 115 includes a position sensor, where

position data and associated time data are processed to determine speed or velocity
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data for the mechanical shaft 126. In other configurations, the sensor 115 may
include a speed sensor, or the combination of a speed sensor and an integrator to
determine the position of the motor shaft. In other configurations, the sensor 115
may include an auxiliary, compact direct current generator that is coupled
mechanically to the mechanical shaft 126 of the motor 117 to determine speed of
the motor shaft 126. In these configurations, the direct current generator may
produce an output voltage proportional to the rotational speed of the motor shaft
126. In other configurations, the sensor 115 may include an optical encoder with
an optical source that transmits a signal toward a rotating object coupled to the
mechanical shaft 126 and receives a reflected or diffracted signal at an optical
detector. In these configurations, the frequency of received signal pulses (e.g.,
square waves) may be proportional to a speed of the mechanical shaft 126. In
other configurations, the sensor 115 may include a resolver with a first winding
and a second winding, where the first winding is fed with an alternating (AC)
current, where thevvoltage induced in the second winding varies with the
frequency of rotation of the rotor. Various other conﬁgurationé are possible.
[0036] The sensor 115 may output a signal based on properties and/or signals
monitored, measured, and/or estimated from the attachment or connection to the
mechanical shaft 126 and/or the motor 117. The output of the sensor 115 may
include feedback data such as current feedback data like i, iy, i, raw signals, such
as raw position or velocity signals, or other feedback or raw data. Other possible
feedback data includes, but is not limited to, winding temperature readings,
semiconductor temperature readings of the inverter circuit 188, three phase
voltage or current data, or other thermal or performance information for the motor
117. Alternatively or in addition, the output of the sensor 115 may include
processed signals. The output of the sensor 115 may be an analog or digital
signal.

[0037] In some embodiments, the sensor 115 may be coupled to an analog-to-
digital converter (not shown) that may convert analog position data or velocity
data to digital position or velocity data respectively. Such an analog-to-digital
converter may be internal or external to the control system and/or electronic data

processing system 120. In other embodiments, the sensor 115 may provide a
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digital data output of position data or velocity data, such as position data or
velocity data for the mechanical shaft 126 or the rotor.

[0038]  The output of a sensor 115 may be transmitted, sent, passed, and/or
otherwise communicated to the electronic data processing system 120. In some
systems, thé output may be coupled to the primary proce.ssing module 114 of the
electronic data processing system 120. In embodiments where the sensor 115 is
coupled to an analog-to-digital converter (not shown), the output of the analog-to-
digital converter may be transmitted, sent, passed, and/or otherwise communicated
to the primary processing module 114.

[0039]  The control system may include an electronic data processing system
120. The electronic data processing system 120 is indicated by the dashed lines in
FIG. 1 and is shown in greater detail in FIG. 2.

[0040] The electronic data processing system 120 may be used to support
storing, processing or execution of software instructions of one or more software
modules. The electronic data processing system 120 may include electronic
modules, software modules, hardware modules, or combinations of each.

[0041]  The electronic data processing system 120 may include one or more
elements, features, and/or components, such as a sensing circuit 124, an analog-to-
digital converter 122, a primary processing module 114, a secondary processing
module 116, a phase converter 113, a calculation module 110, a dg-axis current
generation manager 109, a summer or summation module 119, a current shaping
module 106, a rotor magnet temperature estimation module 104, a terminal
voltage feedback module 108, a current adjustment module 107, a torque
command generation module 105, a current regulation controller 111, and/or a
generation module 112. The electronic data processing system may also or
alternatively include a digital processing system_and/or a field-programmable gate
array. One or more of the components of the electronic data processing system
120 may be combined into each other, and/or may be divided among other
components. For example, in some systems, the sensing circuit 124 and the
analog-to-digital converter 122 may be external to the electronic data processing
system 120. More or less components may be included with the electronic data

processing system 120. In some embodiments, the electronic data processing
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system 120 of FIG. I may represent more than one electronic data processing
system, some or all of which may be connected, attached, and/or in
communication with each other.

[0042]  As mentioned, an output of the sensor 115 may be sent, transmitted,
and/or otherwise communicated to the electronic data processing system 120. For
example, an output of the sensor 115 may be sent to the primary processing
module 114. '

[0043]  The primary processing module 114, which may be a position and/or
speed processing module, may process the output from the sensor 115. The
primary processing module 114 may process, determine, calculate, estimate,
and/or otherwise identify position data (8) and/or speed data for the motor 117. In
some systems, the sensor 115 on the motor 117 may provide position data (8) for
the motor shaft 126, and the primary processing module 114 may convert the
position data from the sensor 115 into speed data.

[0044]  The position data () for the motor 117 may refer to a position of the
mechanical shaft 126 and/or a position of the motor 117. The position data ()
may be expressed as and/or represent an angle, an offset angle, a phase, or various
other angles or positions. The speed data may refer to a speed of the motor 117.
The speed data may be expressed as, and/or refer to, revolutions per minute of the
mechanical shaft 126, or may be expressed and/or refer to various other speeds.
The position data (8) and/or speed data may be processed, determined, calculated,
estimated, and/or otherwise identified by the primary processing module 114
based on, or as a result of, the output received by the primary processing module
114 from the sensor 115.

(0045]  The primary processing module 114 may output the position data (8)
and/or the speed data to one or more components of the control system. For
example, the primary processing module 114 may output the position data (8) to
the phase converter 113, and/or may output the speed data to the calculation
module 110. Alternatively the primary processing module 114 may output one or
both of the position data (é) and/or speed data for the motor 117 to various other

components of the control system.

-10 -
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[0046] In addition to the sensor 115 previously described, the control system
may also include a sensing circuit 124. The sensing circuit 124 may have inputs
which may be coupled to the motor 117. The inputs of the sensing circuit 124
may be used for and/or operable to monitor, measure, and/or estimate properties of
the motor 117. For example, the inputs of the sensing circuit 124 may be coupled
to terminals of the motor 117. The input of the sensing circuit 124 may be used to
sense a measured current of the motor 117. For example, the sensing circuit 124
may be associated with the motor 117 for measuring three phase currents, such as
a current applied to the windings of the motor 117, back EMF induced into the
windings, or both. The sensing circuit 124 may also, or alternatively, be used to
measure a voltage level of the motor 117, such as a direct current voltage level of
the motor 117. Alternatively or in addition, the sensing circuit 124 may be used to
measure a voltage supply level used to power the motor 117 and/or used to power
the inverter switching circuit 188, such as a high voltage DC data bus which
provides DC power to the inverter switching circuit 188. Other configurations are
possible. Additionally, other properties of the motor 117 may be monitored,
fneasured, and/or estimated.

[0047]  The sensing circuit 124 is shown in FIG. 1 as being a part of the
electronic data processing system 120. Alternatively, the sensing circuit 124 may
be a component separate from the electronic data processing system 120, and/or
may be externally attached, connected, and/or in communication with the
electronic data processing system 120.

[0048]  The sensing circuit 124 may transmit and/or output signals sensed from
the motor 117 to an analog-to-digital converter 122 in the electronic data
processing system 120. These signals may, for example, include measured three
phase currents and/or a voltage level of a power supply, such as the direct current
(DC) data bus voltage powering the inverter switching circuit 188.

[0049]  The analog-to-digital converter 122 is shown in FIG. 1 as being a part of
the electronic data processing system 120. Alternatively, the analog-to-digital
converter 122 may be a component separate from the electronic data processing
system 120, and/or may be externally attached, connected, and/or in

communication with the electronic data processing system 120.

211 -
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[0050]  The analog-to-digital converter 122 may receive an output of the sensing
circuit 124. The analog-to-digital converter 122 may transform and/or digitize an
analog output from the sensing circuit 124 into a digital signal which may then be
further processed by the electronic data processing system 120. |
[0051]  The analog-to-digital converter 122 may be attached, connected,
coupled to, and/or in communication with the secondary processing module 116.
An output from the analog-to-digital converter 122, such as the digitized output
from the sensing circuit 124, may be transmitted to the secondary processing
module 116.

[0052]  In some systems, the analog-to-digital converter 122 may not be
necessary or included. For example, in systems where an output of the sensing
circuit 124 is a digital signal, an analog-to-digital converter 122 may not be useful.
[0053]  The secondary processing module 116, which may in some systems be
referred to as a “direct current (DC) bus and three phase current processing
module,” may process, determine, calculate, estimate, or otherwise identify
information from the signals received from the analog-to-digital converter 122.
For example, the secondary processing module 116 may determine or identify
three phase currents (ia, 1p, ic) from the signal received from the sensing circuit
124. These three phase currents (i,, iy, i.) may represent and/or relate to the actual
three phase currents generated by the motor 117. Alternatively or in addition, the
secondary processing module 116 may determine or identify the direct current
(DC) data bus vdltage powering the inverter switching circuit 188.

[0054] The secondary processing module 116 may include one or more digital
signal processors, field programmable gate arrays, other processors, and/or various
other components. In addition or altemmatively, the secondary processing module
116 may be included in one or more digital signal processors, field programmable
gate arrays, other processors, and/or various other components.

[0055] The secondary processing module 116 may output the three phase
currents (i,, iy, 1) and/or direct current voltage to one or more components of the
control system and/or electronic data processing system 120. For example, the
secondary processing module 116 may output each of the three phase currents (i,,

i, 1c) to the phase converter 113, and may output the direct current voltage (Vpc)

-12-
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to the calculation module 110. Alternatively the secondary processing module 116
may output one or both of the three phase currents (i,, iy, i) and/or direct current
voltage (Vpc) to various other components of the control system.
[0056] The phase converter 113, which may in some systems be referred to as a
three-phase to two-phase current Park transformation module, may receive outputs
from one or both of the primary processing module 114 and the secondary
processing module 116. For example, as in FIG. 1, the phase converter may
receive the three phase currents (i,, iy, ic) of the motor from the secondary
processing module 116, as well as position data (6) from the primary processing

" module 114. Other inputs are possible.
[0057]  The phase converter 113 may convert the three phase currents (ia, ip, ic)
and position data (8) from a three phase digital representation of .measured current
in the motor 117 into a corresponding two phase digital representation of the
measured current. The two phase representation of the digital current may be a
current signal represented in a dg-axis, and/or may have a d-axis current
component and a g-axis current component. For example, the phase converter
113 may apply a Park transformation or other conversion equations to convert the
measured three-phase representations of current (i,, iy, ic) into two-phase
representations of current (iy, iy) using the current data from the secondary
processing module 116 and the position data from the primary processing module
114 and/or sensor 115.
[0058]  The two phase representation of current (ig, i;) may be d-q axis current,
and may refer to a direct axis current (ig) and a quadrature axis current (ig), as
applicable in the context of vector-controlled alternating current machines, such as
the motor 117.
[0059]  The two-phase current (iy, ig) may be output from the phase converter
113 module another component of the control system and/or electronic data
processing system 120, such as the current regulation controller 111. Other
outputs from the phase converter 113 are possible, and may be output to other
components of the control system and/or electronic data processing system 120.
[0060]  The phase converter 113 may include one or more digital signal

processors, field programmable gate arrays, other processors, and/or various other
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components. In addition or alternatively, the phase converter 113 may be included
in one or more digital signal processors, field programmable gate arrays, other
processors, and/or various other components. For example, in some system, the
phase converter 113 and the secondary processing system 116, or the functionality
of the phase converter 113 and/or the secondary processing system 116, may be
included in a combination of a digital signal processor and a field programmable
gate array. Other configurations may be possible. '
[0061]  The electronic data processing system 120 may include a calculation
module 110. The calculation module 110 may receive outputs from the primary
processing module 114 and the secondary processing module 116. For example,
the primary processing modulel 114 may provide speed data (such as the
revolutions per minute of the mechanical shaft 126). Additionally or alternatively,
the secondary processing module 116 may provide a measured level of direct
current voltage.

[0062] The calculation module 110 may process, determine, calculate, estimate,
or otherwise identify a voltage-over-speed ratio, or other data, from the received
outputs of the processing module 114 and/or the secondary processing module
116. For example, the calculation module 110 may divide the received direct
current voltage by the received speed data to determine a voltage-over-speed ratio,
such as the adjusted voltage-over-speed ratio 318. Other calculations or
comparisons are possible.

[0063]  Additionally, the direct current voltage level of the power supply that
supplies the inverter circuit 188 with electrical energy may fluctuate or vary
because of various factors, including, but not limited to, ambient temperature,
battery condition, battery charge state, battery resistance or reactance, fuel cell
state (if applicable), motor load conditions, respective motor torque and
corresponding operational speed, and vehicle electrical loads (e.g., electrically
driven air-conditioning compressor). The calculation module 110 may adjust
and/or impact current commands generated by the d-q axis current generation
manager 109 to compensate for fluctuation or variation in the direct current bus
voltage, among other things. Such adjustments may be made, implemented,

and/or reflected in an adjusted voltage-over-speed ratio 318.
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[0064] One or more outputs of the calculation module 110 may be transmitted,
output, fed, sent, and/or otherwise communicated to the dq-axis current generation
manager 109.

[0065]  The torque command generation module 105 may also, or alternatively,
be attached, connected, coupled, and/or otherwise in communication with the dq-
axis current generation manager 109.

[0066] The torque command generation module 105 may itself receive an input,
such as an input from the vehicle data bus 118. The vehicle data bus 118 may, for
example, be a controller area network (CAN) or other network. The vehicle data
bus may in some systems include wired networks, wireless networks, or
combinations thereof. Further, the network may be a public network, such as the
Internet, a private netWork, such as an intranet, or combinations thereof, and may
utilize a variety of networking protocols now available or later developed
including, but not limited to TCP/IP based networking protocols.

[0067]  The torque command generation module 105 may take the received
signal or torque command from the vehicle data bus 118, and may calculate,
identify, estimate, and/or generate torque command data 316 based on the received
signal. For example, where the received signal indicates that an acceleration pedal
has been pressed, the torque command generation module 105 may generate a
command and/or torque command data 316 for increased torque and/or power to
be sent to the motor 117. Other received signals and commands are possible.
[0068]  The torque command generation module 105 may include a lookup table
which the torque command generation module 105 may use to compare and/or
look up an input command received by the torque command generation module
105 to identify and/or generate the resulting torque command data 316 in response
to the received input command. In other systems, the torque command generation
module 105 may process the received input, and may output the processed signal
to the dg-axis current generation manager 109, without using or referring to a
lookup table, such as by using one or more algorithms and/or rules based logic.
[0069]  The torque command generation module 105 may be output,
transmitted, and/or otherwise communicated to the dg-axis current generation

manager 109.
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[0070]  The dg-axis current generation manager 109, which may also be referred
to and/or include dqg-axis current generation look-up tables, may receive the torque
command data 316 from the torque command generation module 105. The dq-
axis current generation manager 109 may also or alternatively receive adjusted
voltage-over-speed ratio data 318 from the calculation module 110.

[0071]  The dqg-axis current generation manager 109 may use the received
torque command data 316 and/or voltage-over-speed data 318 to look up,
determine, select, and/or generate direct axis current command data (such as a d-
axis current command (iy*)) and/or quadrature axis current command data (such as
a g-axis current command (ig*)). Fdr example, the dg-axis current generation
manager 109 may select and/or determine the direct axis current command and the
quadrature axis current command by accessing one or more of the following: (1) a
look-up table, database or other data structure that relates respective torque
command data 316 and/or adjusted voltage-over-speed data 318 to corresponding -
direct and quadrature axes currents (ig*, i;*), (2) a set of quadratic equations or
linear equations that relate respective torque corﬁmand data 316 and/or adjusted
voltage-over-speed data 318 to corresponding direct and quadrature axes currents
(ig*, ig*), and/or (3) a set of rules (such as if-then rules) and/or logic that relate
respective torque command data 316 and/or adjusted voltages-over-speed data 318
to corresponding direct and quadrature axes currents (ig*, i;*). Where the dd—axis
current generation module 109 uses a lookup table, the lookup table may be a part
of the dg-axis current generation module 109, and/or may be accessible to the dg-
axis current generation module 109. The lookup table may, for example, be a
three dimensional lookup table.

[0072]  The output of the dg-axis current generation manager 109 may be sent,
fed, transmitted, and/or otherwise communicated to a summer 119. While FIG. 1
shows a system with a summer 119 which may sum an output of the dg-axis
current generation manager 109 and an output of the current adjustment module
107, in other systerﬁs where the current adjustment module 107 and/or feedback
controls are not desired, required, or enabled, the output from the current
generation manager 109 may be fed directly to the current regulation controller

11.

-16 -



WO 2012/118578 PCT/US2012/022824

[0073] An outbut of the current adjustment module 107 may reflect one or more
adjustment factors, such as one or more adjustment factors or commands
determined and/or transmitted the rotor magnet temperature estimation module
104, the current shaping module 106, and/or the terminal voltage feedback module
108.

[0074]  The rotor magnet temperature estimation module 104 may be connected
to, attached to, in communication with, coupled to, monitor, or otherwise estimate
or determine the temperature of one or more components of the motor 117. For
example, the rotor magnet temperature estimation module 104 may estimate or
determine the temperature of a rotor permanent magnet or magnets. -

[0075] For example, in some embodiments, the rotor magnet temperature
estimation module 104 may estimate the temperature of the rotor magnets from
one or more sensors located on the stator, in thermal communication with the
stator, or secured to the housing of the motor 117. In other embodiments, the rotor
magnet temperature estimation module 104 may be replaced with a temperature
detector (e.g., a thermistor and wireless transmitter like infrared thermal sensor)
mounted on the rotor or the magnet, where the detector may provide a signal, such
as a wireless signal, which may be indicative of the temperature of the magnet or
magnets.

[0076] In response to and/or based on a measured temperature and/or estimated
change in rotor temperature, the rotor magnet temperature estimation module 104
may generate an adjustment of the g-axis current command and/or the d-axis
current command. The adjustment may be in the form of an adjustment current
command, an adjustment signal, adjustment factor, and/or adjustment data to be
sent to the current adjustment module 107. The adjustment may be sent, fed,
transmitted, and/or otherwise communicated to the current adjustment module
107.

[0077]  Alternatively or additionally, the system may include a current shaping
module 106. The current shaping module 106 may, for example, measure,
calculate, estimate, monitor, and/or otherwise identify one or more factors or

features of the motor 117. For example, the current shaping module 106 may
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identify a torque load on the motor 117 and/or a speed of the motor 117. Other
factors and/or features are possible.

[0078]  The current shaping module 106 may determine a correction or
adjustment of the quadrature axis (q-axis) current command and the direct axis (d-
axis) current command based on one or more of the factors or features, such as the
torque load on the motor 117 and speed of the motor 117. The correction and/or
adjustment may be in the form of an adjus'tment cwrrent command, an adjustment
signal, adjustment factor, and/or adjustment data to be sent to the current
adjustment module 107. This correction and/or adjustment may be sent, fed,
transmitted, and/or otherwise communicated to the current adjustment module
107.

[0079]  Alternatively or additionally, the system may include a terminal voltage
feedback module 108. The terminal voltage feedback module 108 may, for
example, calculate a voltage supply limit, such as by sampling the voltage supply
magnitude each PWM cycle, and applying a limit coefficient to the voltage supply,
such as 13, or 0.95/\’3, or other coefficients. The terminal voltage feedback
module 108 may also sample the terminal voltage command from the current
regulation controller 111. The terminal voltage feedback module 108 may
compare the terminal voltage command to the voltage limit, and may generate an
adjustment command to be sent to the command generation module 107, whenever
the terminal voltage command is greater than the voltage limit. This adjustment
command may, for example, be a d-axis current adjustment command, and may be
intended to reduce the ferminal voltage command generated by the current
regulation controller 111.

[0080] The correction and/or adjustment may be in the form of an adjustment
current command, an adjustment signal, an adjustment factor, and/or adjustment
data to be sent to the current adjustment module 107. The adjustment command
from the terminal voltage feedback module 108 may be sent, fed, transﬁﬂtted,
and/or otherwise communicated to the current adjustment module 107.

[0081] As mentioned, one or more of the rotor magnet temperature estimation

module 104, the current shaping module 106, and the terminal voltage feedback
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module 108 may be coupled to and/or are capable of communicating with the dg-
axis current adjuétment module 107.

[0082] The current adjustment module 107 may gather the adjustment signals,
adjustment factors, adjustment commands, and/or adjustment data from one or
more of the rotor magnet temperature estimation module 104, the current shaping
module 106, and the terminal voltage feedback module 108. The current
adjustment module 107 may add, aggregate,-assimilate, compile, and/or otherwise
account for the adjustment data and/or commands from each of the rotor magnet
temperature estimation module 104, the current shaping module 106, and the
terminal voltage feedback module 108, and using this data, may generate and/or
create a complete or total adjustment command. Where the gathered adjustment
data includes adjustment commands, the current adjustment module 107 may
aggregate, sum, and/or combine the adjustment commands together to form one
adjustment command. In other circumstances, the current adjustment module 107
may need to further process the adjustment commands to obtain a signal which
may be summed at the summation block 119. This complete or total adjustment
command may also be referred to, for example, as an adjustment command, an
adjusted d-axis current command, a d-axis current adjustment command, or a d-
axis current adjustment.

[0083]  The current adjustment module 107 may provide this d-axis current
adjustment data, such as the adjusted d-axis current command, to adjust the direct
axis current command data based on input data from the rotor magnet temperature
estimation module 104, the current shaping module 106, and terminal voltage
feedback module 108.

[0084] In turn, the current adjustment module 107 may communicate with the
dg-axis current generation manager 109 or the summer 119. For example, the
current adjustment module 107 may send, feed, transmit, and/or otherwise
communicate the d-axis current adjustment command to the summer 119, which
may add the d-axis current adjustment command together with an output from the
dq-axis current generation manager 109.

[0085] While FIG. 1 shows each of the rotor magnet temperature estimation

module 104, the current shaping module 106, and the terminal voltage feedback
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module 108 as being connected to the current adjustment module 107, and one
output from the current adjustment module 107 being fed to the summation block
119, other configurations are possible. For example, where the rotor magnet
temperature estimation module 104 and the current shaping module 106 are not
included or are disabled, an output from the terminal voltage feedback module 108
may be transmitted directly to the summer 119. Various other configurations are
possible.

[0086] The summer 119, which in some systems may be referred to as a
summation block or summation module, may receive the dq-current command
from the dg-axis current generation manager 109. The summer 119 may also or
alternatively receive the d-axis current adjustment command from the current
adjustment module 107. The summer 119 may add the d-axis current adjustment
command to the dg-current command, and may output an adjusted current
command. The adjusted current command may be represented as a two-phase
current command (ig*, 13*).

[0087] While FIG. 1 depicts the dg-axis current adjustment command being
transmitted to the summer 119, in some systems, the dg-axis current adjustment
command may be transmitted directly to the dg-axis current generation manager
109, and/or may be used by the dg-axis current generation manager to select a
proper current command to be used in controlling and/or powering the motor 117.
[0088] The adjusted current command from the summer 119 may be sent, fed,
transmitted, and/or otherwise communicated to the current regulation controller
IH_MHMMMwJMQmmHQMMmemMﬂHlmwdmmwhm&
actual tWo-phase currents (ig, ig) from the phase converter 113.

[0089]  The current regulation controller 111 may process the respective dg-axis
current commands (e.g., ig* and i*) and actual dq-axis currents (e.g., ig and i)
received, and may output one or more corresponding dg-axis voltage commands
(e.g., v¢* and v;* commands) based on the processed inputs. These dq-axis
voltage commands (v4*, v¢*) may be two-phase voltage commands, and may be
sent, fed, transmitted, and/or otherwise communicated to the generation module

112
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[0090]  The generation module 112, which may be a pulse-width modulation
(PWM) generation module, such as a space vector PWM generation module, may
receive the voltage commands, such as the two-phase voltage commands (v4”,
v,*), from the current regulation controller | 11. The generation module may
generate a three phase voltage command based on the received terminal voltage
command. For example, the generation module 112 may convert the direct axis
voltage and quadrature axis voltage commands (v4*, v¢*) from two phase data
representations into three phase representations, such as v,*, vp¥ and v.*. The
three phase representations v,*, vy* and v.* méy, in some systems, represent a
desired voltage to control the motor 117.

[0091]  The three phase voltage command representations (v,*, vy*, and v.*)
may be transmitted, fed, sent, and/or communicated to the inverter switching
circuit 188. The inverter switching circuit 188 may generate the three phase
voltage commands for controlling the motor 117. The three phase voltage
commands may be based on the three phase voltége command signals (v, ¥, vy*,
and v.*) received from the generation module 112. In at least this way, the control
system may be operated to control the motor 117.

[0092] In some systems and/or embodiments, the generation module 112 may
be powered by the same power supply previously discussed with respect to the
inverter switching circuit 188. In some systems, the generation module 112 and
the inverter switching circuit 188 may be part of the same component, and may
receive the two phase voltage command from the current regulation controller 111
and may output a three phase voltage command to the motor 117 to drive the
motor 117,

[0093]  FIG. 2 illustrates an example of the control system. The control systeﬁ
of FIG. 2 may include an electronic data processor 264, a data bus 262, a data
storage device 260, and one or more data ports (268, 270, 272, 274 and 276). The
control system of FIG. 2 may include all or part of the electronic data processing
system 120 of FIG. 1. The data processor 264, the data storage device 260 and one
or more data ports may be coupled to the data bus 262 to support communications of

data between or among the data processor 264, the data storage device 260 and one or
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more data ports. Like numbered components in FIG. 2 may be constructed and/or
function in the same or similar manner as the same components in FIG. 1.

[0094] The control system, the electronic data processing system 120 and/or
various components of the electronic data processing system 120 may be or may
include one or more computing devices of various kinds, such as a computer
system. The computer system can include a set of instructions that can be
executed to cause the computer system to perform any one or more of the methods
or computer based functions disclosed herein. The computer system may operate
as a standalone device or may be connected, e.g., using a network, to other
computer systems or peripheral devices. The computer system may include
computers, processor, and/or other programmable apparatus. Actions of the
computers, processor, and/or other programmable apparatus may be directed by
computer programs, applications and/or other forms of software. Memory in, used
with, or used by the control system, such as computer-readable memory, may be
used to direct the computers, processor, and/or other programmable apparatus to
function in a particular manner when used by the computers, processor, and/or
other programmable apparatus. Methods of controlling motors, such as described
by flowcharts herein, may be performed as a series of operational steps on or with
the aid of the computers, processor, and/or other programmable apparatus.

[0095] In a networked deployment, the computer system may operate in the
capacity of a server or as a client user computer in a server-client user network
environment. The computer system may include a processor, e.g., a central
processing unit (CPU), a graphics processing unit (GPU), or both. For example,
the control system and/or electronic data processing system 120 may include the
data processor 264 shown in FIG. 2.

[0096] The data processor 264 may be a component in a variety of systems.
For example, the processor may be part of a standard personal computer or a
workstation. The processor may be one or more general processors, digital signal
processors, application specific integrated circuits, field programmable gate
arrays, servers, networks, digital circuits, analog circuits, combinations thereof, or
other now known or later developed devices for analyzing and processing data.

The data processor 264 may include one or more of an electronic data processor, a
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microprocessor, a microcontroller, a programmable logic array, a logic circuit, an
arithmetic logic unit, an application specific integrated circuit, a digital signal
processor, a proportional-integral-derivative (PID) controller, or another data
processing device. The processor may implement a software program, such as
code generated manually (i.e., programmed).

[0097] The data processor 264 may be coupled to the electronic data processing
system 120, one or more of the ports 268, 270, 272, 274, and276, and/or the data
storage device 260. The data processor 264 may conduct or assist with various
processing implemented in the electronic data processing system 120. For
example, logic and/or software implementing features and functions of the
electronic data processing system 120 may be partially or entirely executed by the
data processor 264. | '
[0098]  The data processor 264 may be connected to the data bus 262. The data
bus 262 may include one or more data buses. The data bus 262 may be any of a
variety of data buses or combinations of data buses. One or more components of
the control system may be coupled to the data bus 262, such as to facilitate and/or
support communication between components. For example, the data processor
264, the data storage device 260 and one or more data ports (268, 270, 272,274,
and 276) are coupled to the data bus 262 to support communications of data
between or among the data processor 264, the data storage device 260 and one or
more data ports.

[0099]  The data storage device 260 may store and/or include all or part of the
electronic data processing system 120. For example, in FIG. 2, the sensing circuit
124, the analog-to-digital converter 122, the primary processing module 114, the
secondary processing module 116, the phase converter 113, the calculation module
110, the dq-axis current generation manager 109, the summer or summation
module 119, the current shaping module 106, the rotor magnet temperature
estimation module 104, the terminal voltage feedback module 108, the current
adjustment module 107, the torque command generation module 105, the current
regulation controller 111, and/or the generation module 112 may be included in
and/or in communication with the data stofage device 260. Fewer or more

components may be included with the data storage device 260. Additionally or
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alternatively, more or less data storage devices 260 may be used for all or part of
the electronic data processing system 120.

[00100] The data storage device 260 may comprise any magnetic, electronic, or
optical device for storing data. For example, the data storage device 260 may
comprise an electronic data storage device, an electronic memory, non-volatile
electronic random access memory, one or more electronic data registers, data
latches, a magnetic disc drive, a hard disc drive, an optical disc drive, or the like.

[00101]  The data storage device 260 may include a memory. The memory may
be a main memory, a static memory, or a dynamic memory. The memory may
include, but is not limited to computer readable storage media such as various
types of volatile and non-volatile storage media, including but not limited to
random access memory, read-only memory, programmable read-only memory,
electrically programmable read-only memory, electrically erasable read-only
memory, flash memory, magnetic tape or disk, optical media and the like. In one

" embodiment, the memory includes a cache or random access memory for the
processor. In alternative embodiments, the memory is separate from the
processor, such as a cache memory of a processor, the system memory, or other
memory. The memory may be an external storage device or database for storing
data. Examples include a hard drive, compact disc (“CD”), digital video disc
(“DVD”), memory card, memory stick, floppy disc, universal serial bus (“USB”)
memory device, or any other device operative to store data. The memory is
operable to store instructions executable by the processor. The functions, acts or
tasks illustrated in the figures or described herein may be performed by the
programmed processor executing the instructions stored in the memory. The
functions, acts or tasks are independent of the particular type of instructions set,
storage media, processor or processing strategy and may be performed by
software, hardware, integrated circuits, firm-ware, micro-code and the like,
operating alone or in combination. Likewise, processing strategies may include
multiprocessing, multitasking, parallel processing and the like.

[00102)  The term "computer-readable medium" may include a single medium or
multiple media, such as a centralized or distributed database, and/or associated

caches and servers that store one or more sets of instructions. The term
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"computer-readable medium" may also include any medium that is capable of
storing, encoding or carrying a set of instructions for execution by a processor or
that cause a computer system to perform any one or more of the methods or
operations disclosed herein. The “computer-readable medium” may be non-
transitory, and may be tangible.

[00103] In a particular non-limiting, exemplary embodiment, the computer-
readable medium can include a solid-state memory such as a memory card or other
package that houses one or more non-volatile read-only memories. Further, the
computer-readable medium can be a' random access memory or other volatile re-
writable memory. Additionally, the computer-readable medium can include a
magneto-optical or optical medium, such as a disk or tapes or other storage device
to capture carrier wave signals such as a signal communicated over a transmission
medium. A digital file attachment to an e-mail or other self-contained information
archive or set of archives may be considered a distribution medium that is a
tangible storage medium. Accordingly, the disclosure is considered to include any
one or more of a computer-readable medium or a distribution medium and other
equivalents and successor media, in which data or instructions may be stored.

[00104] In an alternative embodiment, dedicated hardware implementations,
such as application specific integrated cifcuits, programmable logic arrays and
other hardware devices, can be constructed to implement one or more of the
methods described herein. Applications that may include the apparatus and
systems of various embodiments can broadly include a variety of electronic and
computer systems. One or more embodiments described herein may implement
functions using two or more specific interconnected hardware modules or devices
with related control and data signals that can be communicated between and |
through the modules, or as portions of an application-specific integrated circuit.
Accordingly, the presém system encompasses software, firmware, and hardware
implementations.

[00105]  The data ports 268, 270, 272, 274, and/or 276 may represent inputs,
ports, and/or other connections to the data bus 262, data storage device 260, and/or
the data processor 264. The data ports 268, 270, 272, 274, and/or 276 of the

control system in FIG. 2 may also, or alternatively, be coupled to one or more
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components of the motor 117, the control system, user interfaces, displays,
sensors, converters, and/or other circuits. Each data port may comprise a transceiver
and buffer memory, for example. In some systems, each data port may comprise any
serial or parallel input/output port. |

[00106] For example, a controller 266, such as a pedal to a vehicle or other user
interface, may be connected, attached, coupled to, and/or in communication with a
vehicle data bus 118. The operator of a vehicle may generate'the torque
commands via a user interface, such as a throttle, a pedal, a controller 266, or
other control device. The generated torque commands may be a control data
message, such as a speed control data message, a voltage control data message, or
a torque control data message. The vehicle data bus 118 may provide data bus
méssages with torque commands to the torque command generation module 105
via the first data port 268. Various other inputs and/or messages may be received
by the torque command generation module 105.

[00107]  The electronic data processing system 120 may include other input
devices configured to allow a user to interact with any of the components of
system, such a number pad, a keyboard, or a cursor control device, such as a
mouse, or a joystick, touch screen display, remote control or any other device
operative to interact with the computer system. In at least this way, the torque
command generation module 105 may be associated with or supported by the first
data port 268 of the electronic data processing system 120.

[00108] Alternatively or additionally, inverter switching circuit 188 may be
coupled to the data bus 262 such as, for example, a second data port 270, which
may in turn be coupled to the data bus 262. Additionally or alternatively, the
sensor 115 and/or the primary processing module 114 may be coupled to a third
data port 272, which in turn may be coupled to the data bus 262. Additionally or
alternatively, the sensing circuit 124 may be coupled to the analog-to-digital

. converter 122, which may‘ be coupled to a fourth data port 274. Additionally or
alternatively, the terminal voltage feedback module 108 may be coupled to the
fifth data port 276, which in turn may be coupled to the data bus 262.

[00109]  While the data ports are designated first, second, third, etc., no order

may be attached to the data ports, and more or less inputs and/or components may
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be attached to any one data port, and/or one or more data ports may be combined
into one data port. The data ports may facilitate providing inputs to the electronic
data processing system 120. _

[001 10]  Though not shown, the control system and/or electronic data processing
system 120 may further include a display unit, such as a liquid crystal display
(LCD), an organic light emitting diode (OLED), a flat panel display, a solid state
display, a cathode ray tube (CRT), a projector, a printer or other now known or
later developed display device for outputting determined information. The display
may act as an interface for the user to see the functioning of the processor, or
specifically as an interface with the software stored in the memory or in the drive
unit.

[00111]  Additionally, the electronic data processing system 120 and/or control
system may also include a disk or optical drive unit. The disk drive unit may
include a computer-readable medium in which one or more sets of instructions,
e.g. software, can be embedded. Further, the instructions may embody one or
more of the methods or logic as described herein. In a particular embodiment, the
instructions may reside completely, or at least partially, within the memory and/or
within the processor during execution by the computer system. The memory and
the processor also may include computer-readable media as discussed above.

[00112]  In accordance with various embodiments of the present disclosure, the
methods described herein may be implemented by software programs executable
by a computer system. Further, in an exemplary, non-limited embodiment,
implementations can include distributed processing, component/object distributed
processing, and parallel processing. Alternatively, virtual computer system
processing can be constructed to implement one or more of the methods or
functional'ity as described herein.

[00113]  The current of the motor 117 may be monitored and/or measured in a
number of ways. The measured current magnitude of a motor 117 may rely on
and/or depend on one or more factors. For example, a measured current
magnitude may rely on a current sensing instant, a current transducer scaling drift,
a pulse width modulation switching frequency selection, and/or a PI gain

selection.
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[00114] Proper measurement of the current in the motor 117 may be made easier‘
by, and/or require that, a correct or nearly correct current magnitude measured
from the motor 117. In particular, it may be helpful or necessary to calibrate the
system so that the current of the motor 117 is measured at a particular instant, also
referred to as a current sensing instant. For example, one may wish to ensure that
the current of the motor 117 is measured at an averaging or averaged point of a
current signal. This may be necessary, for example, to provide an accurate
feedback to current regulation controller 111.

{00115]  Asdiscussed, a generation module 112 and/or inverter switching circuit
188 may generate the voltage command which, in turn, may be sent or transmitted
to the motor 117. Where, for example, the generation module 112 is a space- '
vector pulse width modulation generation module, the voltage command may
generate a three phase current which may include a ripple component. As the
below equation for an applied machine phése terminal to floating neutral voltage
(van) illustrates, the ripple component may be twice the PWM switching
frequency: ‘

Van = Iilg + L (di, / dt) — o Asin(0)
where L is the phase inductance and o, is an electrical frequency, and Asis a phase
back emf. The above equation indicates that the current ripple magnitude may be
mainly determined by L (phase inductance) and the PWM switching frequency,
which may be inversely proportion to the voltage duration.

[00116]  One or more factors may arise which may make sensing the current at an
averaging point difficult. For example, the control system may experience one or
more delays, such as a hardware circuit phase delay, a current samples processing
or filtering delay, a current reading delay, and/or a power switches deadtime delay.

[00117]  If a current sensing instant experiences a delay and/or is not tuned to
accurately sense the current of the motor at the right instant, any feedback systems
relying on such measurements may be disadvantaged and/or may not operate
properly. For example, an incorrect feedback current caused by an improperly
timed current sensing instant may lead to a mismatching between a current
command and an actual current rms value, which may lead to an unstable control

system.
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[00118]  Accordingly, it may be beneficial to calibrate the current sensing instant
to account for one or more of the above described delays. For example, one may
fine tune and/or otherwise set a current sensing instant based on an operation of
the motor 117 in a braking mode and/or a motoring mode. |

[00119] It should be noted that while a current sensing instant may be described
as an instant at which a current signal is sensed, in some systems and methods, the
current may be constantly sensed, and the current sensing instant may merely refer
to the instant at which the constantly sensed current is latched or otherwise
grabbed or obtained and sent for further processing and/or analysis. The current
sensing instant may be configured to latch a current value from a set of current
signals which may be constantly received such that the current sensing instant
corresponds to an averaging point of a rising or falling current slope.

[00120]  As mentioned, a measured cuirent magnitude of a motor 117 may rely
on and/or depend on a current sensing instant, a current transducer scaling drift, a
pulse width modulation switching frequency selection, and/or a PI gain selection.
Among these, only the current sensing instant demonstrates opposite effects when
the motor is operating in a braking mode and a motoring mode.

[00121]  FIG. 3 shows an example signal 305, such as a signal generated by a
pulse width modulation generation module 112. The signal 305 may be a base
carrier waveform, such as a PWM carrier signal or waveform used by PWM
generation modules for phase A, B, and C to generate respective pulse width
modulated voltage signals to be sent to three terminals of the motor 117. The
generated motor terminal pulse width modulated voltage signals may be
represented as signals 315, 317, and 319 respectively. A phase terminal with
respect to floating neutral voltage, such as a phase A with respect to floating
neutral voltage, may be represented as voitage Van 310, and may be obtained
based on voltage signals 315,317, and 319.

[00122] InFIG. 3, the current signal 340 corresponds to an ideal current signal,
or current signal experiencing no delay, from the motor 117 when the motor is
operating in a motoring mode, where the current signal does not experience any
delays. The current signal 345 corresponds to an ideal current signal from the

motor 117 when the motor is operating in a braking mode (or generating mode).
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As mentioned, the frequency of the current signals 340 and 345 is twice that of the
PWM carrier signal 305, and contains a ripple eftect. Accordingly, it is impoﬁant
to measure the current signal 340 at an averaging point of the current signal, such
as averaging points 320A, 320B, 320C, 320D, and 320E. Similarly, it is important
to measure the current signal 345 at averaging points 325A, 325B, 325D, and
325E.

- {00123] However, when a current sensing instant is earlier than the ripple current
averaging instant, different effects may be demonstrated in each of the braking
mode and the motoring mode. In the motoring mode, a higher magnitude may be
measured, which may lead to a higher magnitude in a current feedback system,
and a lower magnitude in actual current. In contrast, in the braking mode, a lower
magnitude of current may be measured, which may lead to a lower magnitude
value in the current feedback system, and a higher magnitude in actual current.

[00124] When instead the current sensing instant is later than the rip)ple current
averaging instant, the results are reversed. In the motoring mode, a lower
magnitude of current may be measured, which may lead to a lower magnitude in a
current feedback system, and a higher magnitude in actual current. In the
alternative, in the braking mode, a higher magnitude of current may be measured,
which may lead to a higher magnitude value in the current feedback system, and a
lower magnitude in actual current.

[00125]  These features and/or characteristics of the system may provide for a
way of calibrating the current sensing instant. The method of FIG. 4 offers one
way of calibrating the current sensing instant utilizing these characteristics.

[00126] The method of FIG. 4 may begin at block 402, where a current sensing
instant for which to latch a sensed current signal may be identified.

[00127]  Inblock 404, a current command may be provided to a motor 117 to
control the motor 117 while the motor is operating in a motoring mode at a shaft
speed. The current command may, for example, be a current command that
includes a current magnitude at a Gamma angle. The motor 117 may be operated
at a set and/or determined shaft speed.

[00128] At block 406, an actual current may be monitored and/or measured from

the motor 117 when the motor is controlled by the current command and operates
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in a motoring mode. For example, an actual averaging rms current magnitude of a
three phase motor 117 operating in the motoring mode in response to the current
command may be sensed and/or monitored at the current sensing instant identified
in block 402. The monitoring and/or measuring may bé done as using a power
analyzer, oscilloscope, Labview, or other monitoring or measuring devices.

[00129] In block 408, one may feed, transmit, and/or otherwise run a matching,
same, and/or identical current command. The matching current command may,
for example, include the same current magnitude at the same Gamma angle. The
matching current command may be sent to the same motor 117 operating in the -
braking mode at the same shaft speed. In some systems, the braking mode may be
an operation of the motor at the same shaft speed but in an opposite rotational
direction than the motoring mode. 7

[00130] In block 41 0, an actual current may be monitored and/or measured from
the motor 117 when the motor is controlled by the current command and operates
in a braking (or generating) mode. For example, a second actual averaging rms
current mégnitude of a three phase motor 117 operating in the braking mode in
response to the same current command may be sensed and/or monitored at the
current sensing instant identified in block 402. The monitoring and/or measuring
may be done as using a power analyzer, oscilloscope, Labview, or other
monitoring or measuring devices.

[00131]  While the method of FIG. 4 shows performing blocks 404 and 406
before blocks 408 and 410, one may modify the order of the method to perform
blocks 408 and 410 before blocks 404 and 406, or to perform these blocks
simultaneously.

[00132] Inblock 412, the measured actual averaging current of the motor 117 in
the motoring mode at the current instant may be compéred to the measured actual
averaging current of the motor 117 in the braking mode at the current instant.

[00133]  The best, ideal, and/or correct current sensing instant, may be where the
measured actual averaging currents of the motor 117 are the same when the motor
is in the motoring mode and in the braking mode. Accordingly, when these
measured, or observed, actual averaging currents are equal, the method may

proceed to block 414, where the current sensing instant may be considered
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calibrated and/or used throughout subsequent operations of the motor with
confidence that the current sensing instant is accurately measuring and/or
monitoring the current signal at the proper averaging instant.

[00134] If, alternatively, the measured or observed actual averaging currents of
the motor 117 are not the same in the motoring mode as in the braking mode, the
method may proceed to block 416, where the identified current sensing instant
from block 402 may be adjusted. For example, an algorifhm, lookup table, and/or
rules or logic may compare the differences of the actual measured averaging
currents and may determine in which time direction to adjust the current sensing
instant. For example, an algorithm may adjust the current sensing instant to
measure a later instant where the measured actual averaging current of the motor
117 in the motoring mode is higher than the measured actual averaging current of
the motor 117 in the braking mode, and vice versa. This procedure may be
referred to as tﬁning the current sensing instant. In some methods, the current

" sensing instant may be adjusted for each pulse width modulation cycle. é)ther
methods and/or procedures are possible.

[00135]  After block 416, the method may return to block 404, and proceed again
through the method of FIG. 4 until block 412 is again reached. If at block 412 the
measured actual currents of the motor 117 in motoring mode and in braking mode
are equal, the method proceeds to block 414, and if not, the method returns to
block 416 and the process repeats.

[00136] A modified version of the method of FIG. 4 may ignore blocks 402 and
416. In this modified version, the method may be begin by running a command -
through the motor 117 in a motoring mode, and continuously sensing the current
from the motor 117. Similarly, the motor may be commanded by the same
command, while operating at the same shaft speed, while the motor 117 operates
in a braking mode. The current may be continuously sensed during this operation
as well. In this modified version of the method, block 412 may be replaced by a
block of calculating the current sensing instant based on the entire current sensed
for each mode. For example, one may compare the two sensed current signals and
identify an instant at which the values of the sensed current signals are equal. This

may then be identified at block 412 as the current sensing instant.
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(00137}  The blocks of FIG. 4 may all, or partially, be carried out by a processor,
such as data processor 264, by either the primary processing module 114 or the
secondary processing module 116, or any other internal or external processor or
modules. Alternatively or in addition, an external routine and diagnostic
calibration module or system may be implemented for calculating and/or
calibrating the current sensing instant.

[00138] In at least this way, by comparing the actual averaging current of the
motor 117 in the motoring mode with the actual averaging current of the motor
117 in the braking mode, one may determine the points at which the actual
averaging currents are equal. The current sensing instant may then be identified
and/or configured, so that current is sensed and/or latched at precisely those
points.

[00139]  Additionally or alternatively, one may calibrate a correct current sensing
instant in other ways. In some methods, one may calculate an amount of
correction for each of the hardware phase delay, current samplés processing delay,
current reading delay and deadtime current phase delays individually. An example
of a method similar to this is shown in FIG. 5.

[00140]  The method of FIG. 5 may begin at block 502, where a hardware circuit
phase delay may be measured.

[00141]  As mentioned, the control system may experience a hardware delay. A
hardware delay may, for example, result from and/or be associated with a current
transducer attached to or otherwise coupled with the motor 117. Alternatively or
in addition, hardware delays may result from the use of one or more filters, such as
a low-pass anti-aliasing filter, and/or operational amplifiers, such as those used to
adjust analog signal scaling and offset. Alternatively or in addition, hardware
delays may result from the use of an analog-to-digital converter, which may have
and/or cause sampling and/or hold delays. v

[00142]  Hardware delays from a filter, such as a low-pass anti-aliasing filter,
operational amplifiers, and an analog-to-digital converter may not require
extensive testing, but instead may be easy to calculate and/or estimate by

analytical analysis. In circumstances where a hardware delay is due to the current
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transducer, phase delay may not be explicit from a manufacturer’s product sheet,
and as a result, may need to be manually tested for, calibrated, and/or determined.

(00143]  Any hardware circuit phase delay may be measured in many ways. For
example, in one way, a pair of measuring devices, and/or a measuring device with
two ports, may be used. One measuring device may be connected to the motor
and/or receive the signal immediately output from the motor 117, and the second
measuring device may be connected to and/or receive the signal from the motor
117 after it has passed through the hardware circuitry of the system, and/or right
before it is received by a field programmable gate array, such as field
programmable gate array 870 discussed below, or other digital storage and
computing device, such as a complex programmable logic device (CPLD) or other
device. Both of the signals may be displayed, and/or compared to each other, and
a delay in the second signal may be easily measured and or calculated based on the

" comparison. Other methods of measuring this delay may be possible.

[00144] At block 504, a current samples processing or filtering delay may be
measured. The control system may experience delays associated with processing
current sample. Current samples processing delays may result, for example, from
digital filters on samples, such as an FIR filter in a field programmable gate array
which may be used to remove noise in the current signal. In some circumstances,
this delay can be explicitly calculated based on filter design parameters and/or
using software or other logic to account for any delays. This delay may, for
example, be a software delay. Delays resulting from scaling and/or offsetting a
sampled digital current may not be likely to cause any negligible delay.

[00145]  This current sample processing or filtering delay may be precisely
derived mathematical equations carried out by the software and/or the field
programmable gate array or other type of digital storage and/or computing device.
This delay may be a constant in some systems. Other methods of calculation or
estimation may be possible.

[00146] At block 506, the current reading delay may be estimated or calculated.
A control system may experience delays associated with reading a current.
Current reading delay may be caused by and/or result from, for example,

controllers or other components, such as when current samples are commanded to
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be read into the current regulation controller 111 for current-position
synchronization and/or transformation. For example, transferring a signal between
a field programmable gate array and a digital signal processor, such as the field
programmable gate array 870 and the digital signal processor 850 discussed below
with respect to FIG. 8, may be accomplished using a parallel bus between these
components connecting them, and there may be a delay associated with sending
signal from one to the other. In some systems, only the latest current samples may
be read by the currént regulation controller 111. As such, these delays may have a
small varying time delay and/or small averaging effects to be considered. In some
systems, when a current reading command reading arrives, the latest current
samples may just be available or have been available for one or a few clock cycles,
depending on how fast raw currents were sampled.

[00147]  Because determining an exact current reading delay may be difficult
and/or resource prohibitive, and/or because the current reading delay may be fairly
accurately estimated, the block 506 may merely estimate this delay. Compared
-with the other delays, this delay may be rather small. Estimating of this deldy
may, for example, depend on the sampling clock cycle of the current signal. For
example, a current rea;iing could be instant, or could be delayed by a sampling
cycle, and this reading may depend on the sampling clock. An average of this
delay may be, for example, one half of a sampling cycle.

[00148] At block 508, a power switches deadtime delay may be measured. The
control system may experience delays associated with power switching deadtime.
When pulse width modulation generation module reaches a compare value,
insulated-gate bipolar transistor (IGBT) switches may not be able to turn on or off

‘ immediately due to the deadtime protection. Neglecting the deadtime effect, a
pulse width modulation zero counter instant would exactly correspond to the
averaging instant of the actual current ripple waveform of the motor 1 17.
However, the deadtime effect may not be negligible. Accordingly, the averaging
instant of actual current ripple may have a time delay from a PWM zero counter
instant, such as around half of the deadtime duration, which may require adjusting

the averaging current sensing instant.
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[00149]  The deadtime may be set, for example by hardware or software, such as
the IGBT controller, to a very precise delay. The deadtime delay may be
measured, or may simply be identified from the setting hardware and/or software.
For example, the deadtime delay average may be half of the deadtime set by the
hardware and/or software. )

‘ [00150]  While blocks 502, 504, 506, and 508 are shown in FIG. 5 as being
performed in that order, in other methods, any of these blocks may be performed
in any order:

[00151] Atblock 510, a total delay may be calculated and/or generated. The
total delay may be calculated, for example, by adding together the measured
delays from blocks 502, 504, and 508 with the estimated delay of block 506. This
may be done, for example, by a processor such as data processor 264, by either the
primary processing module 114 or the secondary processing module 116, or any
other internal or external processor or modules. Other methods of obtaining the
total delay may be possible.

[00152]  Atblock 512, a current sensing instant may be adjusted to account for
the calculated total delay. For example, a current sensing instant may be set to
occur at an instant which may occur a time length after the start of a PWM cycle
for the generating signal to the motor 117, where the time length may equal the
total delay. In this way, the current sensing instant may be set to appropriately
correct for and/or account for each delay that the control system may face.

[00153] At block_Slll, the current sensing instant may then be used, as in block
414 of FIG. 4, to properly measure subsequent current sensing instants from
current signals generated by the motor 117.

[00154]  Because it may be difficult, cost prohibitive, and/or resource intensive to
perfectly set the current sensing instant, some deviation from the ideal and/or best
current sensing instant may be allowable. For example, a delay or advancement
on the order of 1 micro-second may be acceptable. Other values and/or delays
may be acceptable. Additionally, it may be helpful to put a proper offset to current
transducer readings prior to calibrating for the current sensing instant, which may

remove any offset error in the current sensing.
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[00155]  Once the current sensing instant is tuned for a specific inverter design, it
rﬁay not change much with respect to hardware component parameter drifting.
Additionally, even where non-synchronization of current sensing and position
sensing exists, such as where a generated torque deviates from a desired value due
to an incorrect dq-axis used in a current regulation controller 111, this may not
directly affect current regulation magnitudes, so long as the current sensing instant
is properly tuned. Accordingly, in some systems, the current sensing instant may
be tuned once, with the tuning being carried out prior to full blown operation of
the control system.

[00156] In addition to determining a proper current sensing instant, the proper
functioning of a control system in FIG. 1 may also require proper calibration of
current transducers (CTs) used in measuring the current of a motor 117. In
particular, it may be beneficial to calibrate one or more CT scaling ratios, which
may also be referred to as CT scaling ratios.

[00157] The CT scaling coefficients may, for example, be stored in a look up
table, which may be used to apply the coefficients to a signal from a current
transducer. Such coefficients may be used, for example, to account for various
effects of the system, such as a temperature and current magnitude, which may
otherwise cause inaccurate current signals and/or readings.

[00158] A CT scaling coefficient may not be constant, but may rather vary with,
for example, a current magnitude. Accordingly, one may calibrate a CT using CT
scaling coefficients for various current magnitudes, which may be referred to
when an actual current magnitude is measured by the current transducer.

[00159] There may be one or more ways to calibrate a current transducer. For
example, one may calibrate a current transducer using a direct current (DC)
current calibration, and/or may calibrate a current transducer using an alternating
current (AC) current calibration. In other examples, one may calibrate a.current
‘transducer using a DC current calibration, and then may verify the calibration
using an AC current calibration. -

[00160] For example, FIG. 6 shows one method of calculating scaling

coefficients (or scaling ratios) useful for calibrating current transducers and/or
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adjusting measured current signals and/or current commands for proper operation
and/or control of a motor 117.

[00161] The method of FIG. 6 begins at block 602, where a known DC current
magnitude may be identified. For the DC éurrent calibration, a direct current (dc)
power supply may be attached, connected, cohpled, and/or in communication with
the motor 117 and/or the control system. In some systems, the dc power supply
may have a high current limiting capability, such as up to or exceeding 500 amps
(A). Other power supplies may be used.

[00162] In block 604, the DC current from the dc power supply may be
commanded through the motor 117 and/or machine windings.

[00163] At block 606, an actual (feedback) current may be measured from the
motor 117, such as using a high performance Danfysic current transducer
measurement or using a shunt resistor to measure the actual dc current.

[00164] At block 608, the inverter or controller feedback current may be
compared to the actual DC current that was supplied from the dc power supply.

[00165]  As aresult of the comparison in block 608, at block 610, a scaling
coefficient or scaling ratio may be derived and/or calculated. The scaling
coefficient may correspond to the magnitude of the actual measured DC current
supplied from the dc power supply and run through the motor 117. For example, a
scaling coefficient may be the magnitude of the known DC current over the actual
feedback current received, or may be the inverse of this.

[00166] In some methods, the known DC current may also be run through the
machine and/or motor 117 in an opposite direction. In some systems, ano;her
scaling ratio may be calculated in the opposite direction as well. The scaling ratio
for the given DC current and/or measured current may then be calculated by
taking the average of the scaling ratios. In some of these systems and methods,
some or all of the blocks of the method in FIG. 6 may be repeated separately, after
the method is completed for all currents in a first direction, or may be completed
for each DC current immediately after the scaling coefficient is determined for the
specified DC current.

[00167] Inblock 611, the scaling coefficient generated in block 610 may be

verified using an alternating current calibration. For example, a specific current
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magnitude at a Gamma angle, such as a moderate Gamma angle of 45 degrees,

may be commanded through the motor 117, an actual average three phase current
from the motor 117 may be received, and the actual average three phase current
may be compared to the commanded specific current. Block 611 may also or
alternatively be conducted in a manner consistent with the AC current calibration
procedure identified below. ,

[00168] Block 611 may be repeated at a plurality of shaft speeds and/or with
different electrical frequencies. Block 611 may be optional. Alternatively, the
verifying block 611 may take place after block 614 of this method, as described
below.

[00169] Inblock 612, the scaling coefficient may be stored in a look up table.
The lookup table may be a part of, in communication with, connected to, attached
to, and/or otherwise linked with the electronic data processing system 120, a data
processor such as data processor 264, and/or various components of the control
system, such as the primary processing module 114, the secondary processing
module 116, or other components. The stored scaling coefficient may also be
associated with and/or affiliated with the DC current magnitude of the current
commanded through the motor 117 or machine winding.

[00170]  In block 614, the method may look to see where the lookup table has a
sufficient numbér of scaling coefficient entries. For example, the lookup table
may require a certain number of entries, or may require an entry for every interval
of current, such as for every additional amp of DC current. In other methods, this
block may be manually performed, and/or may be eliminated. In some of these
methods, block 602 may rather include a full list of known DC current magnitudes
which may require a scaling ratio calculation, and block 612 may instead simply
check the list to see if all of the scaling ratios have been calculated.

[00171]  If more calculations are necessary, the method may move to block 618
where another known DC current magnitude may be used to calculate the scaling
coefficient for, by moving to block 604 of the method.

[00172]  The above-described DC current scaling process may be repeated one or

more times, using one or more different known DC currents. Scaling coefficients
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may be collected for each of the different known DC currents and/or measured
currents from the motor 117.

[00173]  The scaling coefficients may be saved and/or input into a table, such as a
lookup table. The lookup table may be stored in and/or accessed by the electronic
data processing system 120 of FIGS. | and 2, the data storage device 260, the data
processor 264, and/or other components of the control system.

[00174) The method of FIG. 6 may be conducted prior to operation of the motor
117 in any commercial and/or designated tasks. If the lookup table is complete,
the method may move to block 616, where the lookup table may be used. The
lookup table may be used, for example, by receiving an actual measured current
from the motor 117 or checking the current command applied to the motor 117,
and applying the scaling ratio and/or scaling coefficient from the lookup table to
the actual measured current, obtaining an adjusted current. Other uses are
possible.'

[00175]  The tables, data, and/or lookup tables may subsequently be accessed at
any time the motor 117 is in operation. The data in the lookup tables may be used
to scale a reading from the designated CT, and/or may be used to alter an input
into the motor 117 based on the data in the lookup tables.

[00176] These processes may be carried out for each of the current transducers
used with the control system and/or motor 117. For example, where the motor 117
is a three phase motor, three current transducers may be included with the motor
117. Each of the current transducers may include a table and/or scaling data and
ratios, which may subsequently be relied upon to properly scale data to or from the
current transducer. The calculated scaling ratios may be calibrated separately and
stored for each phase of the three phase motor. This DC current calibration
procedure may be sufficient to properly determine and supply scaling data for a
current transducer.

[00177]  As mentioned, verifying the scaling ratios in the lookup table using an
AC current calibration, shown in block 611, may also be done after block 614.

[00178]  An AC current calibration may utilize and/or require a prime mover.
The prime mover may maintain a constant shaft speed, such as a machine base

speed. A known current command, which may have a current magnitude at a
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Gamma angle, may then be supplied to the motor 117. The Gamma angle may,
for example, be 45 degrees.

[00179]  The actual averaged three phase currents of the motor 117 may be
monitored, sensed, and/or otherwise observed. The observed current may be
compared with the commanded value. A scaling coefficient or scaling ratio may
be obtained, identified, calculated, and/or determined from the comparison. The
scaling coefficient may be compared to the DC current calibration scaling ratio
where the AC current calibration is used as a verification process. The AC current
calibration may simultaneously adjust a CT scaling coefficient for all three current
transducers simultaneously, rather than any one particular CT scaling coefficient
for one of the current transducers. Additionally, in some systems, it may be useful
to ensure that a proper pulse width modulation switching frequency and/or PI gain
is carefully tuned to achieve a sufficiently small unbalance percentage prior to
performing the AC current calibration.

[00180]  As mentioned, the CT scaling coefficients may be stored in a table, such
as a lookup table. Upon subsequent three phase current feedback readings, such as
those current feedback signals sent from thé analog-to-digital converter 122 to the
secondary processing module 116, the current feedback readings may be adjusted
by and/or multiplied by the CT scaling coefficient. This may be best where the
three phase current transducers have close scaling coefficients versus magnitudes.

[00181]  An example of the use of the CT lookup table is shown in the circuit
drawing in FIG. 7. In FIG.7, a d-axis current command and a g-axis current
command may be combined at block 710, using the equation in block 715 to
achieve a total current command input 718 to a CT scaling lookup table 720. The
equation in block 715 may be:

i* = square root ((ig*)* + (iq*)z)

[00182]  In addition, the CT scaling lookup table 720 may also receive as inputs a
current command vector 722 and a CT scaling vector 724. These vectors 722 and
724 which may include the information regarding the CT scaling coefficient as
they relate to various known DC current magnitudes. For example, vector 722

may store known DC current magnitudes during a dc current calibration
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procedure, and/or vector 734 may store corresponding calculated scaling ratios at
each dc current magnitude. Other configurations are possible.

[00183] A current transducer scaling coefficient 730 may be output from the CT
scaling lookup table 720 based on the input current command 718. For example,
the current input into the CT scaling lookup table 720 may be compared with
information in the lookup table, and an appropriate CT scaling coefficient may be
selected based on the current command magnitude.

[00184] A phase current calculation block 725 may be used to calculate the three
phases current from the motor 117 after proper filtering, processing etc. For
example, the phase calculation block 725 may be implemented in and/or comprise
the secondary processing module 116 in FIG. 1.

[00185]  Each of the three phases of current, identified as phase A current 727,
phase B current 728, and phase C current 729 may then be multiplied by the CT

“scaling coefficient 730. For example, the phase A current 727 may be multiplied
by the CT scaling coefficient 730 at multiplication block 740; phase B current 728
may be multiplied by the CT scaling coefficient 730 at multiplication block 741;
and phase C current 729 may be multiplied by the CT scaling coefficient 730 at
multiplication block 742. The results may be output individually and/or combined
at block 750 to obtain an output 760.

[00186] While FIG. 7 shows one lookup table for all three phases of a three
phase current, in some other systems each of the phases and/or current transducers
may have different lookup tables. For example, the CT lookup table 720 may only
be used to multiply and/or adjust the current for a phase A current 727 at
multiplication block 740, while a second CT lookup table (not shown) may be
used to multiply and/or adjust the current for the phase B current, etc. Ifthe CT
scaling lookup tables are stored in boot book or EEPROM, they may be loaded
into a controller for easy comparison.

[00187]  Where a current sensing instant has been properly tuned, the above
described DC / AC current calibration procedure may achieve very accurate
current regulation magnitudes, such as within 1% error. This may be possible

through a whole speed range and at various current or torque levels.
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[00188] FIG. 8 illustrates an example of the operation of some current sensing
components in the control system, after the current sensing instant and/or CT
scaling ratios have been calibrated.

[00189] A field programmable gate array 870 may be attached, connected,
coupled, and/or in communication with an external analog-to-digital converter 880
used for sensing a current from the motor 117. The external analog-to-digital
converter 880 may be the analog-to-digital converter 122 or another analog-to-
digital converter. The external analog-to-digital converter 880 may continuously
sense a current signal and may produce a continuous stream or set of digital
samples and/or signals from the sensed current signal, which may be sent to the
field programmable gate array 870. For example, a sampling speed for the
external analog-to-digital converter may produce a new sample every 1-2
microseconds. While the analog-to-digital converter 880 is shown in FIG. 8 as
being external, the field programmable gate array 870 may have an internal
analog-to-digital converter instead.

[00190] It should be appreciated that while reference is made herein to a field
programmable gate array 870, this component may, in some systems, be another
type of digital storage and/or computing device, such as a complex programmable
logic device (CPLD).

[00191]  The field programmable gate array 870 may continuously receive digital
current samples from the external analog-to-digital converter 830. The field
programmable gate array 870 may, for example, include a buffer 890 which may
be used to store the digital current samples received from the analog-to-digital
converter 880.

[00192] In addition or alternatively, the field programmable gate array 870 may
include one or more filters. For example, the field programmable gate array 870
may have an FIR filter which may be used to filter out noise from the received
c;Jrrent signal.

[00193] A digital signal processor 850 may be attached, connected, coupled,
and/or in communication with the field programmable gate array 870. The digital
signal processor 850 may, for example, access and/or store data related to the

calibrated current sensing instant. For example, the digital signal processor 850
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may have data related to delays and/or current signals, and/or may monitor a
PWM carrier signal generated by a generation module 112, such as signal 810.

[00194] In accordance with the received PWM carrier signal from the generation
module 112, as well as the data about the current sensing instant, the digital signal
processor 850 may calculate, estimate, identify, and/or otherwise determine the
proper instant at which the received current signal should be sampled. The proper
instant may be shown as dotted line 806, and dotted line 808 in the digital signal
processor 850. In accordance with this determination, the digital signal processor
may generate and/or transmit a digital pulse 830 to the field programmable gate
array 870. The digital pulse 830 may indicate a current sensing instant at which to
latch a current value from a sensed curreﬁt signal. The digital pulse 830 may be a
rising edge triggered digital pulse, and/or may represent the best and/or calibrated
current sensing instant. A rising or falling edge of the digital pulse 830 may be
configured to correspond to an averaging point of the sensed current signal. The
digital pulse 830 may be configured to provide a cue or to latch a current value
from the set of current signals such that it corresponds to an averaging point of a
rising or falling current slope.

[00195]  The digital signal processor 850 may generate the digital pulse 830 in a
number of ways. For example, the digital signal processor 850 may include and/or
use as many as six PWM modules or generators. In some digital signal processors
850, three of these PWM generators may be used to generate a voltage signal or
pulse to be sent to the motor 117, such as a phase A, phase B, and phase C voltage
signals. The signal 810 may, for example, represent the combination of the three
PWM carrier signals generated by these three PWM generators.

[00196] In addition or alternatively, a spare PWM generation module to generate
an up-count carrier signal, such as pulse 820. In some systems, it is also possible
to use other spare DSP components, such as an enhanced capture (eCap) module,
to generate the digital pulse 820. The up-count carrier signal may have a cycle
which may start, for example, at a zero-point, low point, or period point
corresponding to the three-phase generation signal 810, as indicated by the dotted
lines 802 and 804 in FIG. 8. The spare PWM module carrier signal 820 may be

synchronized with the three other PWM modules generating carrier signals 810 for
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phases A, B, and C. The current sensing instant may be calculated and/or stored in
the digital signal processor 850 in a number of ways. For example, the digital
signal processor 850 may be configured so that a digital pulse 830 may be
generated a designated count, or time, after the start of the up-count pulse 820.

The time may be represented, for example, by the delay 809. By adjusting the
delay 809 between the start of the up-count carrier signal 820 and the current
sensing instant, the digital signal processor may be easily calibrated to properly
generate the digital pulse 830 corresponding to the best current sensing instant.

[00197]  Upon receiving the transmitted digital pulse 830 from the digital signal
processor 850, the field programmable gate array 870 may latch, catalogue,
document, and/or otherwise identify the three phase current sent from the external
analog-to-digital converter at that instant. In particular, the field programmable
gate array 870 may be configured to latch a set of three phase current values from
the continuously sensed and filtered current signal at the current sensing instant
indicated by the rising or falling edge of the digital pulse. The latched three phase
current value set may, for example, be the most recent set of phase current values
in the buffer of the field programmable gate array 870 at the instant the digital
pulse 830 is received.

[00198] This latched three phase current signal 895 may then be sent,
transmitted, fed, and/or otherwise sent to the digital signal processor 850. The
digital signal processor 850 may process the received three phase current signal
895. For example, the digital signal processor 850 may perform a Park
transformation or other phase transformation on the received three phase signal,
and may generate a d-axis current signal and a g-axis current signal as a result.
After performing the transformation, the digital signal processor 850 may send,
feed, transmit, and/or otherwise output the resulting two-phase current signal, such
as to the current regulation controller 111.

[00199]  Alternatively, the transformation of the signal may be performed in
and/or by the field programmable gate array 870.

[00200]  While FIG. 8 shows one external analog-to-digital converter 880, more
may be present. For example, the control sy.stem may use three external analog-

to-digital converters, with each one being directed to one of the phases of the three
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phase current. In systems like this, the field programmable gate array 870 may
latch one phase of the three phase sensed currents from the stored digital current
samples received from each of the external analog-to-digital converters. Other
configurations are possible.

[00201] In some systems, one or both of the field programmable gate array 870
and the digital signal processor 850 may be components of the secondary
processing module 116. In other systems, one or both of the field programmable
gate array 870 and the digital signal processor 850 may be components of the
electronic data processing system 120. In other systems, other configurations may
be possible.

[00202] Having described the preferred embodiment, it will become apparent
that various modifications can be made without departing from the scope of the

invention as defined in the accompanying claims.
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WE CLAIM
1. A method of calibrating a current sensing instant to latch a current value
from a set of current signals comprising:

providing a current command including a magnitude at a Gamma angle to
control a motor when the motor is operating in a motoring mode at a shaft speed;

providing a matching current command including a same magnitude at a
same Gamma angle to control the motor when the motor is operating in a braking
mode at a same shaft speed; .

monitoring, when the motor is controlled by the current command and
operating in the motoring mode, a first actual averaging rms current magnitude of
three phase currents of the motor;

monitoring, when the motor is controlled by the matching current
command and operating in the braking mode, a second actual averaging rms
current magnitude of the three phase currents of the motor;

adjusting a current sensing instant until an observed first actual averaging
rms current magnitude in the motoring mode equals an observed seéond actual

averaging rms current magnitude in the braking mode.

2. The method of claim 1, wherein an actual averaging rms current magnitude

of three phase currents of the motor is continuously sensed.

3. The method of claim 2, wherein the current sensing instant is adjusted for

each pulse width modulation cycle.

4, The method of claim 1, wherein the motoring mode represents a mode of
operation where the motor is receiving power from a power source, and the
braking mode represents a mode of operation where the motor is supplying power

to the power source.
5. The method of claim 1, wherein the current sensing instant is configured to

latch a current value from the set of current signals such that it corresponds to an

averaging point of a rising or falling current slope.
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6. A system for processing a sensed current signal from a motor, the system
comprising:

a digital signal processor for generating a digital pulse indicating a current
sensing instant at which to latch a current value from a sensed current signal, a
rising or falling edge of the digital pulse being configured to correspond to an
averaging point of the sensed current signal;

a field programmable gate array for receiving a continuously sensed three
phase current signal and for receiving the digital pulse from the digital signal
processor, the field programmable gate array configured to latch a set of three
phase current values from the continuously sensed current signal at the current
sensing instant indicated by the rising or falling edge of the digital pulse, and

transmit the latched three phase current values to the digital signal processer.

7. The system of claim 6, wherein the digital signal processor is configured to
perform a Park transformation on the received latched three phase current value to

generate a d-axis current signal and a g-axis current signal.

8. The system of claim 7, further comprising a current regulation controller
configured to receive the d-axis current signal and the g-axis current signal from

the digital signal processor.

9. The system of claim 6, wherein the digital signal processor comprises a

pulse width modulation generator dedicated to generating the digital pulse.

10.  The system of claim 6, wherein the field programmable gate array receives
the continuously sensed three phase current signal from either an external analog-
to-digital converter and sensing circuit, or from an internal analog-to-digital

converter and sensing circuit.

11.  The system of claim 6, wherein the field programmable gate array includes

a filter which filters the continuously sensed three phase current signal.
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12. A method of calibrating inverter current transducers for a machine
controller, the method comprising:

commanding a known DC current through a machine winding;

receiving a feedback current from the machine controller;

comparing the feedback current to the known DC current;

calculating a scaling ratio based on the comparison;

repeating the steps of commanding, receiving, comparing, and calculating a
plurality of times, each time using a different known DC current magnitude; and

generating a lookup table comprising the calculated scaling ratios for the

known DC current magnitudes.

13.  The method of claim 12, wherein the calculated scaling ratios are calibrated

separately and stored for each phase of the three-phase motor.

14.  The method of claim 12, wherein the steps of commanding, receiving,
comparing, calculating, repeating, and generating are preformed prior to a
designated operation of the machine, and wherein during the designated operation
of the machine, a measured current magnitude of the machine is adjusted by a

corresponding scaling ratio stored in the lookup table.

15.  The method of claim 12, wherein the known DC current is commanded
through the machine winding in a first direction, and wherein the method further
comprises:

commanding the known DC current through the machine winding in a

second direction opposite the first direction;
receiving a second feedback current from the machine controller;
comparing the second feedback current to the known DC current; and

calculating a second scaling ratio based on the comparison.

3

16.  The method of claim 12, further comprising verifying the scaling ratio

using AC current.
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17.  The method of claim 16, wherein verifying the scaling ratio comprises
commanding a specific current magnitude at a moderate Gamma angle through
machine, receiving an actual average three phase current from the machine, and
comparing the actual average three phase current to the commanded specific

current magnitude.

18.  The method of claim 17, further comprising repeating the step of verifying

at a plurality of shaft speeds with different electrical frequencies.

19. A method of calculating a time delay associated with receiving and
processing a current signal, the method comprising:

measuring a hardware circuit phase delay;

measuring a current samples processing or filtering delay;

estimating a current reading delay;

measuring a power switches deadtime delay; and

adjusting a current sensing instant used to latch a current value from a
continuously sensed current signal buffer, the adjustment based on a total delay
from the measured hardware phase delay, the measured current samples
processing delay, the estimated current reading delay, and the measured power

switches deadtime delay.

20.  The method of claim 19, wherein the current reading delay includes delays
from reading current samples from an analog-to-digital converter to a field
programmable gate array, and delays from transmitting latched current values
from a field programmable gate array to a digital signal processor through a

parallel bus.

21.  The method of claim 20, wherein the current reading delay is estimated

based on a sampling clock cycle of the current signal.
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22.  The method of claim 19, wherein the hardware delay results from at least
one of a current transducer coupled to a motor, a low-pass anti-aliasing filter, an
operational amplifier for analog signal offset and scaling adjustment, or an analog-

to-digital converter delay.

23.  The method of claim 22, wherein the hardware delay is determined by
comparing a first signal directly outputted by a motor to a second signal outputted
by the motor and received immediately prior to being transmitted to a field

programmable gate array.

24, The method of claim 19, wherein the current samples processing delay

includes a phase delay from digital filtering of a series of sampled current signals.

25.  The method of claim 19, wherein the power switches deadtime delay is

measured based on a deadtime of a power switch.
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