
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property 

Organization 
International Bureau

(43) International Publication Date 
7 September 2012 (07.09.2012) WIPO I PCT

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
(10) International Publication Number

WO 2012/118649 Al

(51) International Patent Classification:
H02P 21/00 (2006.01) H02P 23/00 (2006.01)

(21) International Application Number:
PCT/US2012/025999

(22) International Filing Date:
22 February 2012 (22.02.2012)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
13/036,953 28 February 2011 (28.02.2011) US

(71) Applicant for all designated States except US): DEERE 
& COMPANY [US/US]; One John Deere Place, Moline, 
IL 61265 (US).

(72) Inventors; and
(75) Inventors/Applicants for US only): WU, Uong [CL/US]; 

2824 37th Avenue South, Fargo, ND 58104 (US). SHAW, 
Robert [US/US]; 1622 42nd Avenue South, Moorhead, 
MN 56560 (US).

(74) Agent: BARTHOUOMEW, Darin, E.; Deere & Com
pany, Global Intellectual Property Services, One John 
Deere Place, Moline, IL 61265 (US).

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL, AM, 
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, 
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO, 
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, 
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, 
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD, 
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, 
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ, 
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, 
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, 
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, 
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

[Continued on next page]

W
O

 20
12

/1
18

64
9 A

l

(57) Abstract: A control system (120) for a motor (117) includes a 
current regulation controller (111) for generating a terminal voltage 
command. The terminal voltage command is used for converting a 
supply voltage to a three phase voltage to power a motor (117). The 
control system (120) also includes a terminal voltage command feed
back module (108) for controlling the terminal voltage command. 
The terminal voltage command feedback module (108) compares the 
terminal voltage command to a determined voltage limit of the supply 
voltage and generates a d-axis current adjustment command in ac
cordance with the comparison. The d-axis current adjustment com
mand is used for reducing the terminal voltage command below the 
determined voltage limit. The control system (120) also includes a 
summer (119) coupled with the terminal voltage command feedback 
module (108). The summer (119) adds the d-axis current adjustment 
command to a d-axis current command received from a lookup table 
(e.g., 109).



wo 2012/118649 Al llllllllllllllllllllllllllllllllll^
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, 
GW, ML, MR, NE, SN, TD, TG).

Published:

— with international search report (Art. 21(3))



WO 2012/118649 PCT/US2012/025999

SYSTEM FOR CONTROLLING A MOTOR

TECHNICAL FIELD

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

referred to as a system, for controlling a motor.

BACKGROUND

[0002] Motors, such as alternating current machine like an interior permanent 

magnet (IPM) motor, a synchronous IPM 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 maybe controlled 

manually and/or with the assistance of computer processors.

SUMMARY

[0003] A control system for a motor includes a current regulation controller for 

generating a terminal voltage command. The terminal voltage command is used 

for converting a supply voltage to a three phase voltage to power a motor. The 

control system also includes a terminal voltage command feedback module for 

controlling the terminal voltage command. The terminal voltage command 

feedback module compares the terminal voltage command to a determined voltage 

limit of the supply voltage and generates a d-axis current adjustment command in 

accordance with the comparison. The d-axis current adjustment command is used 

for reducing the terminal voltage command below the determined voltage limit. 

The control system also includes a summer coupled with the terminal voltage 

command feedback module. The summer adds the d-axis current adjustment 

command to a d-axis current command received from a lookup table.

[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 

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 
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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. 1 is 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 circuit diagram for a feedback control component of a control 

system.

[0009] FIG. 4 is a circuit diagram of a proportional-integral controller of a 

control system.

[0010] FIG. 5 is a circuit diagram of the proportional-integral controller of a 

control system.

[0011] FIG. 6 is a circuit diagram of a system for selecting varying gains for a 

proportional-integral controller of a control system.

[0012] FIG. 7 is a flow diagram of a method of controlling a motor.

DETAILED DESCRIPTION

[0013] In many motorized systems, precise control of the operation of motors 

may be desired, and in some situations, required. Precision control and operation 

of motors may require an understanding of the properties of the motor, as well as 

significant processing capabilities

[0014] 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 
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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. 

[0015] 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 machines, 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.

[0016] 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. 

[0017] 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 

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 a 

machine how to operate. The control signal may contain and/or deliver power 

from the power supply to the motor.

[0018] 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 
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modulation generator, or other features or components. Other ways of operating 

and/or powering the motor 117 may be possible.

[0019] 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 power from a power supply.

[0020] 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.

[0021] 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 

maybe 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 de bus voltage source. The 

braking mode may refer to a mode of operation where the motor is supplying 

power to the power source.

[0022] 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 
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mode) may refer to where the motor 117 are feeding power back into the power 

supply. Other modes of operating the motor 117 are possible.

[0023] 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. 

[0024] 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.

[0025] 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 voltage), such as a battery, 

electricity, another bus voltage, and/or other power, voltage, or current supplies. 

Other power supplies and configuration are possible.

[0026] 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 

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.

[0027] 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 
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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 maybe, and/or may also be referred to as, a 

voltage command, a terminal voltage command, or a dq-axis voltage command, or 

by the symbol (vterm*)·

[0028] 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 transmission 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.

[0029] 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.

[0030] The mechanical shaft 126 maybe various shapes, sizes, and/or 

dimensions, and may be made of various materials. For example, a mechanical 

shaft 126 maybe 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.

[0031] 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 
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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.

[0032] Sensor 115 maybe 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 

components 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.

[0033] 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 117, a speed or 

velocity of the motor 117, and/or a direction of rotation of the motor 117.

[0034] In some configurations, the sensor 115 includes a position sensor, where 

position data and associated time data are processed to determine speed or velocity 

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 
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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 current, 

where the voltage induced in the second winding varies with the frequency of 

rotation of the rotor. Various other configurations are possible.

[0035] 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 ia, ib, ic, 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.

[0036] 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 maybe internal or external to the control system and/or electronic data 

processing system 120. In other embodiments, the sensor 115 may provide a 

digital data output of position data or velocity data, such as position data or 

velocity data for the mechanical shaft 126 or the rotor.

[0037] 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, the output may be coupled to the primary processing module 114 of the 

electronic data processing system 120. In embodiments where the sensor 115 is 
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coupled to an analog-to-digital converter (not shown), the output of the analog-to- 

digital converter maybe transmitted, sent, passed, and/or otherwise communicated 

to the primary processing module 114.

[0038] 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.

[0039] 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.

[0040] 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 dq-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. More or less components may be included with the electronic data 

processing system 120. For example, in some systems, the sensing circuit 124 and 

the analog-to-digital converter 122 maybe external to the electronic data 

processing system 120. In some embodiments, the electronic data processing 

system 120 of FIG. 1 may represent more than one electronic data processing 

system, some or all of which maybe connected, attached, and/or in 

communication with each other.

[0041] As mentioned, an output of the sensor 115 may be sent, transmitted, 

and/or otherwise communicated to the electronic data processing system 120. For 
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example, an output of the sensor 115 may be sent to the primary processing 

module 114.

[0042] 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 (Θ) and/or speed data for the motor 117. In 

some systems, the sensor 115 on the motor 117 may provide position data (Θ) for 

the motor shaft 126, and the primary processing module 114 may convert the 

position data from the sensor 115 into speed data.

[0043] The position data (Θ) 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 (Θ) 

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 (Θ) and/or speed data maybe 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.

[0044] The primary processing module 114 may output the position data (Θ) 

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 (Θ) 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 (Θ) and/or speed data for the motor 117 to various other 

components of the control system.

[0045] 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 

maybe 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 
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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, 

measured, and/or estimated.

[0046] 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.

[0047] 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.

[0048] 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 maybe 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.

[0049] 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.

[0050] The analog-to-digital converter 122 maybe attached, connected, 

coupled to, and/or in communication with the secondary processing module 116.
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An output from the analog-to-digital converter 122, such as the digitized output 

from the sensing circuit 124, maybe transmitted to the secondary processing 

module 116.

[0051] 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. 

[0052] 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, ib, ic) from the signal received from the sensing circuit 

124. These three phase currents (ia, ib, ic) 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 voltage powering the inverter switching circuit 188.

[0053] 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 alternatively, 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.

[0054] The secondary processing module 116 may output the three phase 

currents (ia, ib, ic) 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 (ia, 

ib, ic) to the phase converter 113, and may output the direct current voltage (VDc) 

to the calculation module 110. Alternatively the secondary processing module 116 

may output one or both of the three phase currents (ia, ib, ic) and/or direct current 

voltage (VDc) to various other components of the control system.

[0055] 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 
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processing module 116. For example, as in FIG. 1, the phase converter may 

receive the three phase currents (ia, ib, ic) of the motor from the secondary 

processing module 116, as well as position data (Θ) from the primary processing 

module 114. Other inputs are possible.

[0056] The phase converter 113 may convert the three phase currents (ia, ib, ic) 

and position data (Θ) 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 dq-axis, and/or may have a d-axis current 

component and a q-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 (ia, ib, ic) into two-phase 

representations of current (id, iq) using the current data from the secondary 

processing module 116 and the position data from the primary processing module

114 and/or sensor 115.

[0057] The two phase representation of current (id, iq) may be d-q axis current, 

and may refer to a direct axis current (id) and a quadrature axis current (iq), as 

applicable in the context of vector-controlled alternating current machines, such as 

the motor 117.

[0058] The two-phase current (id, iq) 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. 

[0059] The phase converter 113 may include one or more digital signal 

processors, field programmable gate arrays, other processors, and/or various other 

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 systems, 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 
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included in a combination of a digital signal processor and a field programmable 

gate array. Other configurations may be possible.

[0060] 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 module 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.

[0061] 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.

[0062] 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.

[0063] 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.
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[0064] 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.

[0065] 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.

[0066] 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.

[0067] 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 dq-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.

[0068] The torque command generation module 105 may be output, 

transmitted, and/or otherwise communicated to the dq-axis current generation 

manager 109.

[0069] The dq-axis current generation manager 109, which may also be referred 

to and/or include dq-axis current generation look-up tables, may receive the torque 

command data 316 from the torque command generation module 105. The dq- 
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axis current generation manager 109 may also or alternatively receive adjusted 

voltage-over-speed ratio data 318 from the calculation module 110.

[0070] The dq-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 (id*)) and/or quadrature axis current command data (such as 

a q-axis current command (iq*)). For example, the dq-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 (id*, iq*), (2) a set of quadratic equations or 

linear equations that relate respective torque command data 316 and/or adjusted 

voltage-over-speed data 318 to corresponding direct and quadrature axes currents 

(id*, iq*), 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 (id*, iq*). Where the dq-axis 

current generation module 109 uses a lookup table, the lookup table may be a part 

of the dq-axis current generation module 109, and/or maybe accessible to the dq- 

axis current generation module 109. The lookup table may, for example, be a 

three dimensional lookup table.

[0071] The output of the dq-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 dq-axis 

current generation manager 109 and an output of the current adjustment module 

107, in other systems 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

111.

[0072] An output 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 
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104, the current shaping module 106, and/or the terminal voltage feedback module 

108.

[0073] 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.

[0074] 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.

[0075] 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 q-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.

[0076] 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 

identify a torque load on the motor 117 and/or a speed of the motor 117. Other 

factors and/or features are possible.

[0077] The current shaping module 106 may determine a correction or 

adjustment of the quadrature axis (q-axis) current command and the direct axis (d- 
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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 adjustment current command, an adjustment 

signal, adjustment factor, and/or adjustment data to be sent to the current 

adjustment module 107. This correction and/or adjustment maybe sent, fed, 

transmitted, and/or otherwise communicated to the current adjustment module 

107.

[0078] 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 l/v/3, or 0.95/¾ 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 (or alternatively, greater than or 

equal to) the voltage limit. This adjustment command may, for example, be a d- 

axis current adjustment command, and may be intended to reduce the terminal 

voltage command generated by the current regulation controller 111.

[0079] 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 maybe sent, fed, transmitted, 

and/or otherwise communicated to the current adjustment module 107. The 

terminal voltage feedback module 108 maybe discussed in greater detail below 

with respect to FIGS. 3-7.

[0080] As mentioned, one or more of the rotor magnet temperature estimation 

module 104, the current shaping module 106, and the terminal voltage feedback 

module 108 maybe coupled to and/or are capable of communicating with the dq- 

axis current adjustment module 107.
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[0081] 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.

[0082] 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.

[0083] In turn, the current adjustment module 107 may communicate with the 

dq-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.

[0084] While FIG. 1 shows each of the rotor magnet temperature estimation 

module 104, the current shaping module 106, and the terminal voltage feedback 

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
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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.

[0085] 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 dq-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 dq-current command, and may output an adjusted current 

command. The adjusted current command may be represented as a two-phase 

current command (id*, iq*).

[0086] While FIG. 1 depicts the dq-axis current adjustment command being 

transmitted to the summer 119, in some systems, the dq-axis current adjustment 

command may be transmitted directly to the dq-axis current generation manager 

109, and/or may be used by the dq-axis current generation manager to select a 

proper current command to be used in controlling and/or powering the motor 117. 

[0087] The adjusted current command from the summer 119 may be sent, fed, 

transmitted, and/or otherwise communicated to the current regulation controller

111. As mentioned, the current regulation controller 111 may also receive the 

actual two-phase currents (id, iq) from the phase converter 113.

[0088] The current regulation controller 111 may process the respective dq-axis 

current commands (e.g., id* and iq*) and actual dq-axis currents (e.g., id and iq) 

received, and may output one or more corresponding dq-axis voltage commands 

(e.g., vd* and vq* commands) based on the processed inputs. These dq-axis 

voltage commands (vd*, vq*) maybe two-phase voltage commands, and maybe 

sent, fed, transmitted, and/or otherwise communicated to the generation module

112.

[0089] 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 (vd*, 
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vq*), from the current regulation controller 111. 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 (vd*, vq*) from two phase data 

representations into three phase representations, such as va*, vb* and vc*. The 

three phase representations va*, vb* and vc* may, in some systems, represent a 

desired voltage to control the motor 117.

[0090] The three phase voltage command representations (va*, vb*, and vc*) 

maybe 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 maybe based on the three phase voltage command signals (va*, vb*, 

and vc*) received from the generation module 112. In at least this way, the control 

system may be operated to control the motor 117.

[0091] 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.

[0092] FIG. 2 illustrates an example of the control system. The control system 

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 

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.

[0093] The control system, the electronic data processing system 120 and/or 

various components of the electronic data processing system 120 maybe or may 
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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 maybe 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 maybe 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.

[0094] 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.

[0095] 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 

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 
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processing device. The processor may implement a software program, such as 

code generated manually (i.e., programmed).

[0096] 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.

[0097] 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.

[0098] 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 storage device 260. Fewer or more 

components may be included with the data storage device 260. Additionally or 

alternatively, more or less data storage devices 260 may be used for all or part of 

the electronic data processing system 120.
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[0099] 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.

[00100] 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.

[00101] 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 

"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 
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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.

[00102] 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.

[00103] In an alternative embodiment, dedicated hardware implementations, 

such as application specific integrated circuits, 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 present system encompasses software, firmware, and hardware 

implementations.

[00104] 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 

components of the motor 117, the control system, user interfaces, displays, 

sensors, converters, and/or other circuits. Each data port may comprise a transceiver 
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and buffer memory, for example. In some systems, each data port may comprise any 

serial or parallel input/output port.

[00105] For example, a controller 266, such as a pedal to a vehicle or other user 

interface, maybe 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 

messages 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.

[00106] 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.

[00107] 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 maybe 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 maybe coupled to the 

fifth data port 276, which in turn may be coupled to the data bus 262.

[00108] 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 

be attached to any one data port, and/or one or more data ports may be combined 

into one data port.
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[00109] The data ports may facilitate providing inputs to the electronic data 

processing system 120. 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.

[00110] 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.

[00111] 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 

functionality as described herein.

[00112] In some systems, a motor 117 may be controlled in a maximum torque- 

per-voltage (MTPV) mode when a motor speed is beyond a base speed. In these 

systems, optimum motor (or machine) operating points may be tuned from a 

characterization procedure such that terminal voltage or voltage command (vterm) is 

just below an available voltage limit ( Pjimit) with moderate rotor magnet 

temperature. The voltage command may be referred to as a terminal voltage, 

terminal voltage command, and/or terminal voltage, and may refer to the voltage 

command sent from the inverter switching circuit 188 to the motor 117.
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[00113] In motors 117 powered and/or controlled by generation modules 112, 

such as a space-vector PWM generation module 112, the voltage limit (may 

be identified and/or expressed as follows:

Klimit = Kdc /

where the Edc is a supply voltage, such as a de bus voltage, which may be supplied 

to, and/or used to power the inverter switching circuit 188 and/or the motor 117. 

This voltage limit may represent a maximum amount of power which may be 

available to the inverter switching circuit 188 for use with powering or controlling 

the motor 117. In some systems, calculation of the voltage limit may be identified 

and/or expressed as follows:

Fiimit= (percentage coefficient) (fdc / y/3)

where the percentage coefficient may be a value between 0 and 1. The percentage 

coefficient may be, for example 95%, or 0.95. Multiplying (Edc / ^3) by the 

percentage coefficient may provide for a buffer and/or precautionary value, which 

may help avoid current regulation failures. This action may also prevent 

circumstances where the motor is operating at temperatures which are slightly 

different than those expected and/or assumed, and which may affect components 

in the measurement.

[00114] The terminal voltage commands from the current regulation controller

111 may be expressed as:

vd* = (id* - id) * (kpd + (kid / s )) - toeLqiq

Vq* = (iq* - iq) * (kpq + (kiq / s )) + coeLqiq + coeXf

where id* and iq* are dq-axis current commands received from the summation 

module 119; id and iq are actual current of the motor 117, such as the actual current 

as converted and output from the secondary processing module 116 and/or phase 

converter 113; kpd is a proportional gain coefficient for d-axis current regulation PI 

controller loop; kpq is a proportional gain coefficient for q-axis current regulation 

PI controller loop; kid is an integral gain coefficient for d-axis current regulation PI 

controller loop; and kiq is an integral gain coefficient for q-axis current regulation 

PI controller loop; 1/s is the continuous domain integrator; coe is an electrical 

frequency; Ld is a d-axis phase inductance; Lq is a q-axis phase inductance; and λρ 

is the motor back emf strength. The first portion of each equation (such as (id* - 
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id) * (kpd + (kid / s )) for vd*) is a current error (id* - id) multiplied by a PI 

controller. The second portion (such as coeLqiq for vd*) is referred to as a 

feedforward item for each of the d-axis and q-axis voltage command.

[00115] As such, the voltage command generated by the current regulation 

controller 111 may therefore be calculated as:

Vterm* = square root ((vd*)2 + (vq*)2)

[00116] If the voltage command (vterm) exceeds the maximum voltage limit 

(Himit)» current regulation may become saturated and/or lead to poor control 

performance. A number of root causes may lead to these situations where the 

controller voltage command (vterm*) is greater than the maximum voltage limit 

(Elimit).

[00117] For example, a permanent magnet material which may be used with the 

motor 117 may have negative temperature coefficients, such as a negative 

temperature coefficient of 0.09%-0.12% per degree Celsius. When the motor 117 

is operated at a high speed while staying at cold temperatures, previously tuned 

operating points at moderate magnet temperatures may require a higher voltage. 

This higher and/or additional voltage command may be required due to the 

stronger magnetic strength, and/or stronger back emf strength (greater Xf), at the 

colder temperatures. Accordingly, the controller voltage command (vterm*) in 

these systems may have a tendency to exceed the available voltage limit (Pjimit)·

[00118] As another example, in some systems, as a rotor magnet temperature 

may vary, controller current commands may be adaptively adjusted in an attempt 

to mitigate the shaft torque variations. These attempts to adjust the current 

commands could result in an accidental demand for more voltage than the de bus 

voltage can support. As such, the controller voltage command (vterm*) in these 

systems may also have a tendency to exceed the available voltage limit (1)^).

[00119] As a third example, in some systems, a controller current command may 

experience a dramatic and/or sudden change due to fast and/or otherwise dynamic 

requirements. In these circumstances, the current regulation controller 111 may 

command more terminal voltage (vterm*)> which may overflow current regulation. 

These circumstances, where the controller voltage command (vterm*) exceeds the 

SUBSTITUTE SHEET (RULE 26)



WO 2012/118649 -30- PCT/US2012/025999

available voltage limit (Himit), may lead to catastrophic current regulation 

collapses.

[00120] As mentioned, the terminal voltage feedback module 108 may be 

implemented and/or used to provide an adjustment factor or adjustment command 

which may alter the terminal voltage commands used for the motor 117. The 

adjustment factor or adjustment command from the terminal voltage feedback 

module 108 may assist in, account for, correct for, and/or protected against the 

situation where the controller voltage command (vterm*) exceeds the available 

voltage limit (Fiimit).

[00121] A review of the actual terminal voltage of the motor 117 is useful 

determining how to design and/or operate the terminal voltage feedback module 

108. The actual terminal voltage of the motor 117 may be identified and/or 

expressed as:

vd = (rsid) + d/dt (Ldid) - coeLqiq

vq = (rsiq) + d/dt (Lqiq) + coeLqiq + coeXf

[00122] Accordingly, one method to bring down the terminal voltage command 

Vterm* below the Himit may be to increase the d-axis current (id) in its magnitude.

[00123] The terminal voltage feedback module 108 may monitor, sample, 

observe, sense, and/or otherwise receive the voltage commands sent by the current 

regulation controller 111 to the generation module 112. These voltage commands, 

(Vd*, vq*) may be received by the terminal voltage feedback module 108, which 

may generate and/or calculate the vterm* as described above. Alternatively, vterm* 

may have been calculated and/or otherwise determined prior to being received by 

the terminal voltage feedback module 108, such as by the current regulation 

controller 111 or another component.

[00124] In addition to receiving the voltage commands and/or the terminal 

voltage command, the terminal voltage feedback module 108 may also monitor, 

sample, observe, sense, and/or otherwise receive the supply voltage (Fdc), or a 

signal representing a value for the supply voltage, that is available to the inverter 

switching circuit 188 and/or the generation module 112. Using this supply voltage 

value (Fdc), the terminal voltage feedback module 108 may calculate, identify, 

and/or generate the voltage limit, such as using the equation previously described.

SUBSTITUTE SHEET (RULE 26)



WO 2012/118649 -31 - PCT/US2012/025999

As mentioned, in some systems, the voltage limit maybe calculated to account for 

small variations, and/or to provide a small buffer voltage. These systems may use 

a percentage coefficient. Alternatively, Pjimit may have been calculated and/or 

otherwise determined prior to being received by the terminal voltage feedback 

module 108, such as by the current regulation controller 111 or another 

component.

[00125] One or both of the vterm* and Pjimit may be calculated and/or determined, 

for example, every pulse width modulated cycle. In this way, the system may, for 

example, account for variations in the supply voltage. Alternatively, these values 

may be calculated and/or determined in other time intervals.

[00126] Where the vterm* is less than or equal to the no adjustment factor 

may be necessary. This may result because the terminal voltage feedback module

108 may not be designed to decrease flux weakening below its feedforward 

nominal level when voltage commands are less than the voltage limit. In these 

circumstances, enough voltage may be available to the inverter switching circuit 

188 and/or generation module 112 that the command vterm* may be executed with 

no required adjustments. Here, the nominal flux weakening level may already be 

determined from the motor 117 characterization stage and correspond to one or 

more minimum copper loss operation points. Accordingly, the terminal voltage 

feedback module 108 may either output a zero signal or not output any signal to 

either the current adjustment module 107 or the summer 119. In these 

circumstances, the current command from the dq-axis current generation module

109 may be received and transmitted to the current regulation controller 111.

[00127] Where, on the other hand, the vterm* is greater than the Pjimit, the terminal 

voltage feedback module 108 may output an adjustment signal, command, factor, 

data and/or instruction (adjustment command). The terminal voltage feedback 

module 108 may create this adjustment command to apply additional flux 

weakening to limit the voltage command. The adjustment command may include 

information and/or data indicating and/or requiring that an adjustment to the 

current command being input to the current regulation controller 111 needs to be 

modified or otherwise altered. The adjustment command may include information 

and/or data indicating an amount by which the current regulation controller 111 
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needs to be modified or otherwise altered. The adjustment command may be a 

current command signal itself, such as an adjustment current command signal, 

which may be summed by a summation module 119.

[00128] While the comparison may refer to whether the terminal voltage 

command is greater than, or less than or equal to, the voltage limit, in some 

systems, the comparison may instead be whether the terminal voltage is greater 

than or equal to, or less than, the voltage limit. In systems and methods herein 

where “greater than” is used, it should be understood that the system and method 

may be modified to instead require a “greater than or equal to” comparison, and 

vice versa. Similarly, in systems and methods described herein where “less than” 

is used, it should be understood that the system and method may be modified to 

instead require a “less than or equal to” comparison, and vice versa.

[00129] In some embodiments, the adjustment command from the terminal 

voltage feedback module 108 may represent a d-axis current adjustment only. 

This may be because, as mentioned, adjusting the d-axis current may be sufficient 

and/or preferred for flux weakening, and/or lowering the terminal voltage 

command generated by the current regulation controller 111.

[00130] As mentioned, the adjustment command may be sent to the current 

adjustment module 107. The current adjustment module 107 may also gather 

adjustment information from the rotor magnet temperature estimation module 104 

and/or the current shaping module 106, and aggregate all of the adjustment 

information together to form one adjustment current command to be sent to the 

summer 119. For example, one or more of the rotor magnet temperature 

estimation module 104, the current shaping module 106, and/or the terminal 

voltage feedback module 108 may send raw adjustment data which the current 

adjustment module 107 may use to generate the current adjustment command, 

such as by using look up tables, algorithms, rules, and/or other decision-making 

devices and/or logic. Additionally or alternatively, one or more of the rotor 

magnet temperature estimation module 104, the current shaping module 106, 

and/or the terminal voltage feedback module 108 may send a command which 

may itself be of a form suitable to be sent to the summation block 119. The 
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current adjustment module 107 may then simply gather these commands and send 

one aggregate command to the summer 119.

[00131] In systems where one or more of the rotor magnet temperature 

estimation module 104, the current shaping module 106, and/or the current 

adjustment module 107 are not included and/or disabled, the adjustment current 

command of the terminal voltage feedback module 108 may be directly sent to the 

summer 119.

[00132] The summer 119 may also receive the current command from the dq- 

axis current generation module. The summer 119 may receive the adjustment 

current command received, and add it to a current command from the current 

generation module 109. The resulting current command may then be sent to the 

current regulation controller 111 for generation of the voltage command to drive 

the motor 117. In at least this way, the terminal voltage feedback command 108 

may aid in and/or prevent circumstances where the terminal voltage command is 

greater than a voltage limit.

[00133] FIG. 3 depicts a circuit drawing of some of the logic, components, 

and/or functionality of a proportional-integral controller (PI controller) for use 

and/or implementation with the terminal voltage feedback module 108. The PI 

controller may be found in the terminal voltage feedback module 108, or 

separately from the terminal voltage feedback module 108. The PI controller may 

be used during an adjustment portion of operation of the terminal voltage feedback 

module 108, such as when the terminal voltage feedback module 108 is creating 

an adjustment command.

[00134] In FIG. 3, the supply voltage 310 received by the terminal voltage 

feedback module 108(denoted Vdc) is identified as an input. The supply voltage 

310 is multiplied, at multiplication block 315, by a terminal voltage coefficient 

312, denoted Terminal_Voltage_Coef, which may be l/x/3, 0.95/x/3, or various 

other coefficients. The resulting voltage limit Klimit 322, denoted as 

Terminal Voltage Limit in FIG. 3, is fed into the feedback control PI regulator 

(or controller) 350. The PI controller 350 may, for example, be an anti-wind up PI 

controller.
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[00135] The terminal voltage command 320, denoted as Term Volt Cmd, is fed 

to a 1/z unit delay block 321. The 1/z unit delay block 321 acts as a way of 

obtaining the terminal voltage command 320 from the previous control iteration 

and sending it to the PI controller.

[00136] In the terminal voltage feedback module 108, one or more feedback PI 

coefficients 325, denoted Feedback PI Coefs, are also inputted into the PI 

controller. For example, the feedback PI coefficients may include proportional 

gain coefficients such as kp; and/or may include integral gain coefficients such as 

k;.

[00137] The terminal voltage feedback module 108 shown in FIG. 3 may also 

include a switch control enable input 330, denoted as Switch Ctrl Enable in FIG.

3. The switch control enable input 330 is fed to a NOT block 335 before inputting 

the result into the PI controller 350. In this embodiment, the PI controller 350 

may reset when the switch control enable input 330 is set to zero, and is not reset 

when the input 330 is one. The switch control enable input 330 may also be used 

to turn on or turn off the drive, which a high signal turning on the drive, and a low 

signal turning off the drive. Other embodiments are possible.

[00138] A d-axis current command (id*) lookup value 345 may be denoted as 

idscmdunadj listed. This may be the current command received from the dq- 

axis current generation module 109.

[00139] An output from the PI controller 350 may be a d-axis adjustment 

command 355, and maybe denoted idadjustment. The d-axis adjustment 

command 355 outputted from the PI controller 350 may be added with current 

command input 345 at a summation block 360 to create an adjusted d-axis current 

command 365, denoted as i ds cmd adjusted. The summation block 360 may be, 

for example, the summation block 119 in FIG. 1.

[00140] Because a d-axis current command from the dq-axis current generation 

manager 109 is always negative, and because the output of the PI Controller 350 is 

positive, the summation block 360 may have a negative d-axis adjustment 

command 355. This is because, for example, where the id* current command 345 

from the dq-axis current generation manager 109 is -300 A, and where the output 

from the PI Controller 350 is 40 A, the resulting adjusted d-axis current command 
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should be -340A, not -260A. As a result, the sign of the PI Controller output 355 

is reversed before and/or during the addition with the d-axis current command 345 

from the dq-axis current generation manager 109.

[00141] A feedback control enable input 340 may also be included. The 

feedback control enable input 340 may control whether or not the feedback logic 

of the terminal voltage feedback module 108 is to be incorporated in the current 

adjustment module 107 for the control system. If the feedback control enable 

input is set to zero, there may be no adjustments to the current command 345 

identified from the dq-axis current generation module 109. In this situation, the 

switch in FIG. 3 may enable the bottom input, the d-axis command 345, to be 

output 380. Accordingly, the current command generated by the dq-axis current 

generation module 109 maybe directly fed, transmitted, sent, and/or otherwise 

communicated to the current regulation controller 111. However, if the feedback 

control enable input 340 is set to one, the adjustment and/or feedback logic of the 

terminal voltage feedback module 108 maybe enabled. In these circumstances, 

the d-axis adjusted current command 365, which results from the summation block 

360, may be output to the command regulation controller 111.

[00142] FIGS. 4 and 5 illustrate circuit drawings of the logic, components, 

and/or functionality of the PI Controller 350 of FIG. 3, which may be used with an 

adjustment portion of the terminal voltage feedback module 108. The PI 

controller 350 may, for example, be used for comparing the terminal voltage 

command and the voltage limit. Other PI controllers may be used in other 

modules of the electronic data processing system 120, such as in the current 

regulation controller 111. FIG. 4 illustrates the inputs to the PI Controller 350, 

while FIG. 5 illustrates a more detailed view of the workings of the PI Controller 

350.

[00143] In FIG. 4, the PI controller 350 may include a voltage error item Verr 481 

as an input. The voltage error item Verr 481 may be determined by subtracting the 

voltage limit (Pjimit) 322 from the terminal voltage command (vterm*) 327.

[00144] The PI controller 350 may also include as inputs the feedback PI 

coefficients 328, which may be kp 482 and k, 483, as previously discussed. PI 

controllers in other modules, such as a PI controller in a current regulation module
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111, may have other coefficients, such as, for example, separate proportional and 

integral gain coefficients for each of the d-axis current (kid; kpd) and the q-axis 

current (kiq, kpq).

[00145] The PI controller 350 of FIGS. 4 and 5 may further include a lower 

feedback integration limit 421 and an upper feedback integration limit 423 as 

inputs 484 and 486 respectively, which may represent the limits for any 

integration performed by the PI controller 350.

[00146] The PI controller 350 may also include a lower feedback summation 

limit 422 and an upper feedback summation limit 424 as inputs 485 and 487 

respectively, which may represent the limits for a summation of the PI controller 

350.

[00147] The PI controller 350 may also include an integrator reset value 430, 

which may be input 488, and may represent a value which the PI integrator resets 

to when the reset component of the PI controller 350 is activated or enabled. This 

value may typically be zero, but can be set to various other values. The PI 

controller 350 may also include an integrator reset 435 and a PI reset 329, both 

connected to an OR block 437, such that if either is activated, an reset input 489 of 

the PI controller 350 may provide an enable or activate signal. The PI controller 

350 may also include an integrator hold 440, which may be input 491 to the PI 

controller.

[00148] In FIG. 5, the PI controller 350 may operate as follows. The input error 

(Verr) 481 previously calculated maybe multiplied by the proportional gain 

coefficient kp 482 in multiplication block 510 to obtain a gain-adjusted input error 

540. This may also be referred to as an adjusted error output, or a proportional 

gain output.

[00149] In addition, the Verr481 may be multiplied by the integral gain 

coefficient of the PI controller 350 in multiplication block 515, and fed into the 

integrator 525 as an input 518. Integrator 525 may also be referred to as an 

integrator module or integrator block.

[00150] The integrator input 518 may be processed by the integrator 525. For 

example, the integrator input 518 maybe added to a previous iteration stored 

output 545 where no holds are set for the integrator 525. In some integrators 525, 
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the voltage error Verr may first be multiplied by the k, coefficient to obtain the 

integrator input 518. After this, the product of the voltage error Verr and the k, 

coefficient may be added to the previous step integrator output 545. This sum 

may then be compared to the upper and lower integrator limits.

[00151] Where the sum of the integrator input 518 and the previous iteration 

stored output 545 is greater than the integrator upper limit input 486, the integrator 

upper limit input 486 may be output from the integrator 525 as the present output 

545. Where the sum of the integrator input 518 and the previous iteration stored 

output 545 is less than the integrator upper limit 486 but greater than the integrator 

lower limit 484, the sum of the integrator input 518 and the previous iteration 

stored output 545 may be output from the integrator 525 as the present output 545. 

Where the sum of the integrator input 518 and the previous iteration stored output 

545 is less than the integrator lower limit 484, the integrator lower limit 484 may 

be output from the integrator 525 as output 545.

[00152] When the integrator 525 receives a positive hold signal indicating a 

positive hold should be instituted in the integrator 525, the integrator 525 may 

output the previous iteration stored output 545 as the present output 545 if the 

present integrator input 518 is positive. The positive hold signal may be, for 

example, a high signal or a 1, and may be instituted where no further positive 

integration is desired, such as when an upper limit has been reached.

[00153] In a general anti wind-up PI controller, a negative hold may similarly 

operate, such that when a high signal for the negative hold is received, no further 

negative integration maybe desired if the present integrator input 518 is negative, 

and the previous iteration stored output 545 may be output as the present output 

545.

[00154] The integrator output 545 from the integrator 525 may represent and/or 

be referred to as a limited output, an integrator module output, and/or an integral

gain-adjusted output 545.

[00155] The limited output 545 and the proportional gain output 540 may be 

summed together, such as by a summation block 530. The summation block 530 

may also be referred to as a summer, an adder, or a summation module. The result 

may be a summation module result 550.
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[00156] The summation module result 550 may be input into a sum saturation 

module 535. The sum saturation module may also have as inputs the sum upper 

limit 487 and the sum lower limit 485.

[00157] Where the summation module result 550 is greater than the sum upper 

limit 487, the sum upper limit 487 may be output from the sum saturation module 

580 as the output. In addition, a high or 1 signal may be output at as a positive 

hold signal 575 back to the integrator 525 or to the block 520 as previously 

discussed. Where the summation module result 550 is less than the sum upper 

limit 487 but greater than the sum lower limit 485, the summation module result 

550 may be output as output 580. Where the summation module result 550 is less 

than the sum lower limit 485, the sum lower limit may be output. Here, while a 

negative hold signal is normally output, because the negative hold of the integrator 

525 has been disabled, the negative hold signal 570 is terminated.

[00158] The lower integration limit 484 and the sum lower limit 485 of the PI 

controller 350 may, in some embodiments, be set to zero. This may be because it 

may be desired that the system not output values below zero when the PI 

controller 350 would otherwise yield negative results.

[00159] The sum upper limit 487 and upper integration limit 486 may be set at 

between, about, and/or around 10-15% of the motor 117 characteristic current Ichar. 

For example, the sum upper limit 487 and/or the upper integration limit 486 of an 

IPM motor maybe set to around 10-15% of the IPM motor’s characteristic 

current. Other configurations are possible. The characteristic current of the motor 

117 may be identified and/or expressed as:

-/char — kf / Ld

where Af is the back emf constant and Ld is d-axis inductance.

[00160] The PI controller 350 of FIGS. 4 and 5 may differ from conventional 

anti wind-up PI controllers, however, in that the PI controller 350 may disable the 

negative hold sent to the integrator 525.

[00161] In conventional anti wind-up PI controllers, when the terminal voltage 

command is less than the voltage limit, proportional item 540 becomes negative. 

This may reduce a summation module result 550 to a lower value, which may be 

below the sum lower limit 485. In such circumstances, the sum saturation module 
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535 may output a high value for the negative hold which may be returned to the 

integrator 525.

[00162] However, this result in anti wind-up PI controllers may hold negative 

integration even in circumstances where the integrator output 545 is still positive. 

However, it may be desirable to continue to operate the integrator 525 until the 

value of the integrator 525 reaches the integrator lower limit 484, which may, for 

example, be set at zero. In the conventional anti wind-up PI controllers, this may 

not be possible, because the negative hold may stop the integrator 525 from 

performing further negative integration.

[00163] Because of this, the PI controller in FIG. 5 has disabled the negative 

hold, and provided a constant low, or zero, signal to the integrator 525. This 

allows the system to integrate from zero when the terminal voltage command 

exceeds the voltage limit again, which may produce favorable integration results. 

In other systems, another PI controller, such as a conventional PI controller, may 

be used.

[00164] As described above, the circuit drawings of the PI controller 350 in 

FIGS. 4 and 5 may be used with adjustment portion of the terminal voltage 

feedback module 108 to provide an accurate d-axis current adjustment command.

[00165] FIG. 6 shows a circuit drawing of how a plurality of values and/or 

coefficients of the PI controller 350 for the terminal voltage feedback module 108 

may vary and/or be adjusted based on a speed of the motor 117.

[00166] The equations for the actual voltages of the motor 117 described above 

illustrate that at different motor speeds, d-axis current command adjustments may 

lead to different amounts of voltage reductions. Accordingly, the circuit drawing 

of FIG. 6 may be useful to implement varying PI gains for the terminal voltage 

feedback module 108.

[00167] In particular, the circuit drawing of FIG. 6 may be useful for adjusting 

and/or controlling values such as the kpd, kpq, kid, kiq, a feedback kp value, a 

feedback k, value, and/or a pulse width modulation period selection. For example, 

the circuit shown may be useful in adjusting a feedback kp value and a feedback k, 

used in the terminal voltage feedback module, as well as kpd, kpq, kid, kiq used in 
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different control modules such as in the current regulation controller 111. Other 

configurations with fewer or more controlled values are possible.

[00168] FIG. 6 shows an array for each of these features. For example, the array 

621 refers to an array for a proportional gain coefficient for d-axis current 

regulation PI controller loop; array 622 refers to an array for an integral gain 

coefficient for d-axis current regulation PI controller loop; array 623 refers to an 

array for a proportional gain coefficient for q-axis current regulation PI controller 

loop; array 624 refers to an array for an integral gain coefficient for q-axis current 

regulation PI controller loop; array 625 is an array for a feedback proportional 

gain coefficient; array 626 is an array for a feedback integral gain coefficient; and 

array 627 is an array for a PWM period or PWM switching frequency. Each array 

621-627 may have a list or table of values which may correspond to one of a 

plurality of stage numbers. The arrays 621-627 may be stored in and/or processed 

by the electronic data processing system 120. For example, in some systems, the 

arrays 621-624 may be stored and/or processed in the current regulation controller 

111, and arrays 625-626 may be stored and/or processed in the terminal voltage 

feedback module 108, and the PWM period array 627 maybe stored in and/or 

processed by the generation module 112. Other configurations are possible.

[00169] The circuit drawing of FIG. 6 includes a stage number 610. The stage 

number may correspond to a speed of the motor 117. The stage number may, for 

example, correspond directly to a measured speed, and/or may be a value selected 

based on the speed. For example, a stage number = 1 may be input into the circuit 

drawing for all motor speeds with 0-1000 revolutions per minute (r.p.m.), a stage 

number = 2 may be input for all motor speeds with 1001-2000 r.p.m., etc. Other 

methods and ways of selecting a stage number may be possible.

[00170] Based on an input stage number 610, at the select blocks 631-637, the 

value of each array 621-627 which corresponds to the input stage number 610 may 

be output at 641-647 respectively. For example, if an array 621 has a value of 2 

corresponding to a stage number 0, a value of 4 corresponding to a stage number 

1, a value of 8 corresponding to a stage number 2, etc., then if the stage number is 

1, the output at 641 is 4.
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[00171] The various outputs 641-646 may be combined. For example, the 

selected proportional gain coefficient for the d-axis current 641 maybe combined 

with the selected integral gain coefficient for the d-axis current 642 in block 651 to 

obtain a PI d-axis value 661. Similarly, the selected proportional gain coefficient 

for the q-axis current 643 may be combined with the selected integral gain 

coefficient for the q-axis current 644 in block 653 to obtain a PI q-axis value 663. 

Also, the feedback proportional gain coefficient 645 may be combined with the 

selected feedback integral gain coefficient 646 in block 655 to obtain a PI 

feedback value 665. These three values 661, 663, 665 maybe combined and/or 

used as torque command PI controller coefficients 675, such as when a torque 

command is fed into the torque command generation module 105.

[00172] Additionally, the selected PWM period or PWM switching frequency 

from select block 637 may be output as a PWM period or PWM switching 

frequency 680.

[00173] Accordingly, in these ways, the proportional gain and/or integral gain of 

the PI controller may be determined based on a speed range of the motor, and/or 

may be obtained from lookup tables or arrays.

[00174] In at least this way, the PI controller gain coefficients may be calculated, 

tuned, selected, and/or vary based on a speed of the motor 117.

[00175] In accordance with the circuit drawings shown in FIGS. 3-6, the 

terminal voltage feedback module 108 maybe able to provide an adjustment 

command which may prevent a terminal voltage command vterm* from exceeding a 

voltage limit Klimit. This adjustment command, which may be an adjustment 

current command, an adjustment signal, an adjustment factor, and/or adjustment 

data, may be sent to the current adjustment module 107. The adjustment 

command from the terminal voltage feedback module 108 may be sent, fed, 

transmitted, and/or otherwise communicated to the current adjustment module 

107.

[00176] FIG. 7 shows a method of operating the terminal voltage feedback 

module 108 and other components of the control system. In block 702, a terminal 

voltage command may be monitored. For example, the terminal voltage feedback 
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module 108 may monitor a voltage command (vd*, vq*) generated by the current 

regulation generator 111.

[00177] In block 704, a supply voltage may be detected. The supply voltage 

detected may be the supply voltage used to power the inverter switching circuit 

188, the generation module 112, and/or the motor 117. Block 704 also includes 

calculating a voltage limit for the supply voltage. For example, the voltage limit 

may be calculated as previously described.

[00178] In block 706, the terminal voltage command may be compared to the 

voltage limit. The result of this comparison may determine which block is carried 

out next. This comparison may, for example, take place in the terminal voltage 

feedback module 108.

[00179] If the terminal voltage is greater than the voltage limit, the method may

proceed to block 712, where an adjustment command is generated based on the 

comparison. The adjustment command may be generated in various ways as 

previously discussed, and may be carried out by the terminal voltage feedback 

module 108, the current adjustment module 107, or a combination of both.

[00180] From block 712, the method may continue to block 714, where a 

command current may be received from a lookup table. For example, a command 

current may be received by the summer 119 from the dq-axis current generation 

module 109.

[00181] In block 716, the adjustment command may be added to the current 

command. For example, the summer may receive both the current command and 

the adjustment command, and may add the two together to obtain an adjusted 

current command, as previously discussed.

[00182] In block 718, the adjusted current command obtained may be 

transmitted to a current regulation controller, such as current regulation controller

111. This may be done in a manner such as those previously discussed.

[00183] Returning to block 706, if the terminal voltage is not greater than the 

voltage limit, the method may proceed to block 708. In block 708, a current 

command may be received from a lookup table. This block may resemble block 

714 previously discussed.

SUBSTITUTE SHEET (RULE 26)



WO 2012/118649 -43 - PCT/US2012/025999

[00184] From block 708, the method may proceed to block 710, where the 

current command may be transmitted to the current regulation controller 111, in a 

manner similar or the same as those previously discussed.

[00185] The method of FIG. 7 shows monitoring a terminal voltage command

(block 702) as preceding a detection of a supply voltage and calculation of a 

voltage limit (block 704). However, these blocks may be done in reverse order, or 

may be done simultaneously.

[00186] Block 714, as well as block 708, are shown as occurring after blocks 

702, 704, and 706. In other systems and methods, however, blocks 708 and/or 714 

may occur at any point before, during, or after the performance of blocks 703, 704 

and/or 706.

[00187] 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 control system for a motor comprising:

a current regulation controller for generating a terminal voltage command 

used for converting a supply voltage to a three phase voltage to power a motor;

a terminal voltage command feedback module for controlling the terminal 

voltage command, wherein the terminal voltage command feedback module 

compares the terminal voltage command to a determined voltage limit of the 

supply voltage and generates a d-axis current adjustment command in accordance 

with the comparison, the d-axis current adjustment command used for reducing the 

terminal voltage command below the determined voltage limit; and

a summer coupled with the terminal voltage command feedback module, 

wherein the summer adds the d-axis current adjustment command to a d-axis 

current command received from a lookup table.

2. The control system of claim 1, wherein the determined voltage limit is 

determined every pulse-width modulation cycle based on a detected supply 

voltage.

3. The control system of claim 1, wherein the terminal voltage command 

feedback module generates the d-axis current adjustment command when the 

terminal voltage command is greater than the determined voltage limit.

4. The control system of claim 1, further comprising a pulse width modulation 

generation module coupled with the current regulation controller, wherein the 

pulse width modulation generation module receives the terminal voltage command 

and generates a three phase voltage command based on the terminal voltage 

command to power the motor.

5. The control system of claim 4, wherein the supply voltage is a de bus 

voltage used to power the pulse width modulation generation module.
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6. The control system of claim 1, wherein the determined voltage limit is 

calculated by dividing a magnitude of the supply voltage by ^3, and multiplying 

the result by a percentage coefficient.

7. The control system of claim 6, wherein the percentage coefficient 

comprises about 0.95.

8. An anti-wind up proportional-integral controller for a voltage feedback 

control module used with a motor, comprising:

an integrator module including an integrator input, an integrator upper limit 

input, an integrator lower limit input, a positive hold input, and a negative hold 

input;

a summation module connected with the integration module for summing a 

limited output of the integrator module and a proportional gain output to obtain a 

summation module result;

a sum saturation module connected with the summation module and 

including a sum upper limit and a sum lower limit, the sum saturation module 

configured to output the summation module result when the summation module 

result is less than the sum upper limit and greater than the sum lower limit, to 

output the sum lower limit when the summation module result is less than the sum 

lower limit, to output the sum upper limit when the summation module result is 

greater than the sum upper limit, and to output a positive hold signal to the 

positive hold input of the integrator module when the summation module result is 

greater than the sum upper limit, wherein the integrator lower limit input is set to 

zero, the sum lower limit is set to zero, and the negative hold is disabled.

9. The anti-wind up proportional-integral controller of claim 8, wherein a 

proportional gain and an integral gain of the proportional-integral controller differ 

based on a speed of the motor.

10. The anti-wind up proportional-integral controller of claim 9, wherein the 

limited output of the integrator module represents a sum of a product of an input 
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error and the integral gain value added to a previous step integrator output when 

the sum is less than the integrator upper limit input and greater than the integrator 

lower limit input, the integrator upper limit input when the sum is greater than the 

integrator upper limit input, and the integrator lower limit input when the sum is 

less than the integrator lower limit input.

11. The anti-wind up proportional integral controller of claim 10, wherein the 

integrator upper limit input and the sum upper limit are set at about 10-15% of a 

characteristic current of the motor.

12. The anti-wind up proportional integral controller of claim 9, wherein the 

proportional gain output represents a product of an input error and the proportional 

gain value.

13. The anti-wind up proportional integral controller of claim 9, wherein the 

proportional gain and the integral gain are obtained from lookup tables, and are 

determined based on a speed range of the motor.

14. A method of controlling a motor comprising:

monitoring a terminal voltage command generated by a current regulation 

controller;

comparing the terminal voltage command to a voltage limit of a supply 

voltage;

generating an adjustment command based on the comparison;

adding the adjustment command to a current command obtained from a 

lookup table to create an adjusted current command; and

transmitting the adjusted current command to the current regulation 

controller.

15. The method of claim 14, further comprising:

detecting the supply voltage within every pulse-width modulation cycle; 

and
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calculating the voltage limit within every pulse-width modulation cycle 

based on the detected supply voltage.

16. The method of claim 14, further comprising generating the terminal voltage 

command based on the adjusted current command.

17. The method of claim 14, wherein the terminal voltage command and the 

voltage limit are compared with a proportional-integral controller.

18. The method of claim 17, wherein the proportional-integral controller is 

modified so that an integrator lower limit is set to zero, a sum lower limit is set to 

zero, and a negative hold input is disabled.

19. The method of claim 14, wherein the adjustment command is generated 

when the terminal voltage command is greater than the voltage limit.
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