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Veloeity Control of Position-Controlled Motor Controllers

CROSS REFERENCE TO RELATED APPLICATION
{80601} The present application claims prionity to U.S. Patent Application No. 15/257,066,
filed on September 6, 2016 and entitled “Velocity Control of Position-Controlled Motor

Controllers,” which 1s hereby incomporated by reference in ifs entirety.

BACKGROUND

{8602} Feedback countrollers used for costrolling motor systems accept as input a
command signal indicating a desired motor cutput parameter value and a feedback signal
mdicating the actual, measured motor output parameter value. For example, a position-
controlled motor controller accepts as input a desired position of the motor and a feedback
signal indicating the actual position of the motor. The feedback controller computes the
difference between the desired parameter value and the actual parameter value. The feedback

controller then drives the motor with a current that is a function of the computed difference.



WO 2018/048641 PCT/US2017/048696

SUMMARY

{0003] Example cmbodiments include systems and operations for spoofing, minucking,
mtating, and/or otherwise achieving velocity control of a motor using a position-controlled
motor controller. The position-controlled motor controlier may be configured to drive the
motor to commanded positions with a characteristic motion profile. The characteristic motion
profile may include a charactenistic acceleration profile. Based on the characteristic motion
profile, a target position may be determined for the motor. The target position, when
commanded to the position-controlled moior coniroller, may cause the motor controller to
drive the motor with a target velocity at a target time point. By determining a sequence of
such target positions and commanding the sequence to the position-controlied motor
controller at specific time points, the motor may be driven according to a commanded (i¢.,
desired) velocity profile.

[00604] In one example, a method is provided that includes determining a target velocity
for a motor, where a position-controlled motor controller is configured to dnive the motorto a
commanded position with a characteristic acceleration profile. The method also inchudes
determining a target position that, when comumanded to the motor controlier, is predicted to
cause the motor controller to drive the motor with the target velocity at a target time point by
driving the motor with the characteristic acceleration profile. The method additionally
mcludes providing an instruction for execution by the position-controlled motor controler,
the mstruction configured to causc the posttion-controlicd motor controller to drive the motor
to the target position.

[8005] In another example, a non-transitory computer readable storage medium is
provided having stored thercon instructions that, when cxecuted by a computing device,
cause the computing device fo perform operations. The operations include determuning a
target velocity for a motor, where a position-controlled motor controller i1s configured to drive
the motor to a commanded position with a characteristic acceleration profile. The operations
also include deternuning a target position that, when commanded to the motor controller, is
predicted to cause the motor controller to drive the motor with the target velocity at a target
time point by driving the motor with the characteristic acceleration profile. The operations
additionally include providing an instruction for execution by the position-controlled motor
controller, the mstruction configured to cause the position-controlied motor controller to

drive the motor to the target position.
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[8006] In an additional example, a system 15 provided that includes a motor, a position-
controlled motor controller configured to drive the motor to a commanded posttion with a
characteristic acceleration profile, and a control system. The control system is configured to
determine a target velocity for the motor. The control system s additionally configured to
determine a target position that, when commanded to the motor controller, 1s predicted to
cause the motor controtler to drive the motor with the target velocity at a target time point by
driving the motor with the characteristic acceleration profile. The control system 1s further
configured o provide an mstruction for execution by the position-controlled motor controller,
the nstruction configured cause the position-controlied motor controller to drive the motor to
the target position.

{8607 In a further example, a system is provided that includes a motor, a position-
controlled motor controller configured to drive the motor to a commanded position with a
characteristic acceleration profile, and a control means. The control means is configured to
determine a target velocity for the motor. The control means is additionally configured to
determune a target position that, when commanded to the motor controller, is predicted to
cause the motor controller to drive the motor with the target velocity at a target time point by
driving the motor with the charactenstic aceeleration profile. The control means is further
configured 1o provide an mstruction for execution by the position-controlled motor controller,
the mstruction configured to cause the position-controlied motor controller to drive the motor
to the target position.

{0008] The foregoing sunmary is illustrative only and 15 not idended to be in any way
hnmiting. In addition to the illustrative aspects, embodiments, and features described above,
further aspects, embodiments, and features will become apparent by reference to the figures

and the following detailed description and the accompanying drawings.
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BRIEF DESCRIPTION OF THE BRAWINGS

100609] Figare 1 Hlustrates a block diagram of an electromechanical system, according to
an example embodiment.

{86190} Figure 2A illustrates a robotic fleet, according to an example embodiment.

[8611] Figure 2B tllustrates a functional block diagram of components of a robotic fleet,
according to an example cmbodiment.

[0612] Figure 3A illustrates a robotic truck unloader, according to an cxample
embodiment.

10613} Figure 3B illustraies an autonomous goided vehicle, according to an example
embodiment.

{0014 Figure 3C ilustrates an autonomouns fork truck, according to an example
embodiment.

{8615} Figure 4 itlustrates an example system, according to an example embodiment.

[08016] Figure 5A illustrates a commanded velocity profile, according to an cxample
embodiment.

10017] Figure 5B illustrates ao approximation of a commanded velocity profile,
according to an example embodiment,

[8618] Figure SC illustrates a magnified portion of the commanded velocity profile,
according to an example embodiment.

8619} Figure 6 illustrates an example flow diagram, according to an cxample
embodiment.

[80620] Figure 7A illustrates a predicted motor velocity profile of a motor driven by a
positicn-controlled motor controller, according 1o an example embodiment.

108621] Figure 78 illustrates mtegrals of a predicted motor velocity profile, according to
an example embodiment.

18622] Figure 7C illustrates an actual motor velocity profile tracking a commanded
velocity profile, according to an example embodiment.

[8023] Figure 7D illustrates a comparison between two different actual motor velocity
profiles tracking a commanded velocity profile, according to an example embodiment,

[0024] Figure 8A illustrates a predicied motor velocity profile including a maximum
motor velocity, according to an example embodiment.

[8623] Figure 8B illustrates integrals of a predicted motor velocity profile including a

maximum motor velocity, according to an example embodiment.
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BETAILED DESCRIPTION

[06626] The following detailed description describes various features and operations of the
disclosed devices, systems, and methods with reference to the accompanyving figures. The
tHustrative device, system, and method embodiments described herein are not meant to be
tmiting. It should be understood that the words “exemplary,” “example,” and “illustrative,”
are used herein fo mean “serving as an example, mstance, or illustration.” Any
implementation, embodiment, or feature described herein as “exemplary,” “example,” or

>

“dlustrative,” 1s not necessarily to be construed as preferred or advantageous over other
implementations, cmbodiments, or features. Further, aspects of the present disclosure, as
generally described herein and illustrated in the figures, can be arranged, substituted,
combined, separated, and designed m a wide variety of different configurations.

{8627} In the following detailed description, reference is made to the accompanving
figures, which form a part thercof In the figures, similar symbols typically identify similar
components, unless context dictates otherwise. Gther embodiments may be utilized, and other
changes may be made, without departing from the spirit or scope of the subject matter
presented herein. Further, unless otherwise noted, figures arc not drawn to scale and are used
for lustrative purposes only. Moreover, the figures are representational only and not all
components are shown. For example, additional stractural or restraining components might
not be shown.

L Overview

[B028] Motor controllers may be used for controlling a motor according to one or more
desired performance parameters. For example, a motor may be controlled to generate a
desired torque, rotate with a desired speed, and/or rotate to a desired angular position. Motor
controllers mav operate in open loop and/or closed loop configurations. In an open-loop
configaration, the motor controller may drive the motor with a current or current profile
based on a command provided to the motor controlier. The provided command may be
mdicative of a performance parameter such as position, velocity, or torgue. In a closcd-loop
configuration, the motor controller may drive the motor with a current or current profile
based on a difference between the command provided to the motor and a measurement of the
actual motor performance parameter (¢.g., based on an error signal).

[06629] For example, a position-controlled motor controller may accept as input a desired
position of the motor and a feedback signal indicating the actaal position of the motor. The

feedback controller may compute the difference between the desired parameter value and the
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actual parameter value. The feedback controller may then drive the motor with a current or
current profile that is a function of the computed difference. The computed difference may be
referred to as an crror signal. The function of the error signal may be, for cxample, a
multiplication of the error signal by a value {e.g., proportional control}, a multiplication of a
dertvative of the error signal by a value {(e.g., derivative control), and/or multiplication of an
mtegral of the error signal by a value {(c.g., integral control). The mulktiplication values may
be chosen to produce a desired motor response. In other words, the motor controller mav be
tuned to the desired performance.

106390] Implementing motor controller feedback systems and tunimg the mplemented
systems for different mwotors across different loads may invelve significant design,
fabrication, and assembly time and cost. For example, mplementing a velocity feedback
system in hardware may require a system-level design, printed cirewit board design,
manufactunng, and assembly, as well as silicon-level hardware design, manufacturing, and
validation. Even then, the system may be linited to motors of a particular size {e.g., power
rating) adapted to drnive loads withmm a specified range.

{6631} However, motor controllers implementing feedback of performance parameters
{c.g., position} may be readily available off-the-shelf for motors of various sizes {c.g..
configured to drive loads within various ranges). In some instances, i may be desirable or
necessary o control a motor parameter not implemented in a feedback loop of a motor
controller {¢.g., an off-the-chelf motor controller}. In other instances, it may be desirable or
necessary to control a motor parameter that is not exposed or made available for user control
by a motor controller. For example, it may be desirable or necessary o operate a position-
controlled motor controller o drive a motor according to a commanded velocity profile. The
position-controlicd motor controlier may mnelude a velocity feedback loop. However, the
velocity feedback loop might not be exposed for user control because, for example, there
might not be any software or hardware interfaces for operating the motor controller according
to a target velocity specified by a uvser and/or a control system exiernal o the motor
controller. Thus, the motor controtler might not be configured to allow operation of the motor
controller according to a user-specified commanded/desired velocity (e.g., the motor
controller might only be operable in a position control mode).

103632} In other instances, it may be desirable or necessary to control one or more motor
parameters not implemented by and/or not exposed for user control bv a motor controller
while also controlling the motor according to one or more motor parameters implemented by,

and exposed for, user control by the motor controlier. For example, i may be desirable to,

6
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using a position-controlled motor controller, drive the motor to a desired position while
following a desired {Le., target) velocity profile. The posttion-controlled motor controller
may be configured to receive and operate according to target position commands but mught
not be configured to receive and operate according to target velocity commands. fn an
gxample embodiment, wheels of a vehicle may tnclude a drive axis and a steering axis, cach
configured to be driven by a corresponding motor. The velocity and position of the motors
corresponding to the drive axis and the stecring axis mav be controlled in coordination with
one another in order to control the speed, position, and direction of the vehicle.

10633] Adaptation of existing motor controllers to operate according to one or more
additional performance parameters not implemented by and/or exposed for user control by
the motor controllers may be useful i low-cost applications as well as rapid-prototyping
application requiring quick iteration times. However, the operations, svstems, and
embodiments herein described are equally applicable 1o motors, motor systems, and/or motor
controllers developed from scratch and/or designed and assembled from prefabricated parts.

[80634] Example embodiments include systems and operations for driving a motor with a
position-controlled motor controller at target velocity. Speetfically, the systems and
operations disclosed herein may simulate, spoof, or imitate velocity control and feedback
using a position-controlied motor controller. In some embodiments, the position-controller
motor controller might not include a velocity feedback loop. Altemnatively, the position-
controlled motor controller may include a velocity feedback loop but the velocity setpoint of
the feedback loop mught not be exposed or made available for control by a user and/or control
system external to the position-controlled motor controller. Thus, the position-controlled
motor controller might not be configured for operation in a velocity control mode.

[0635] The systems and operations disclosed herein may determine, based on known
charactenistic performance parameters and/or a characteristic motion profile of the position-
controlled motor controller, target positions that, when commanded to the motor controller,
are predicted to drive and/or will drive the motor with target velocities at target time points.
The target velocities may be based on a commanded velocity profile. The posttion-controlied
motor controller may be commanded to drive the motor to the determined target positions,
thus driving the motor with the target velocities at corresponding target time points by driving
the motor with the characteristic motion profile. The characteristic motion profile of the
motor controller may include a charactenistic acceleration profile with which the position-
controlled motor controller is configured to drive the load to positions commanded to the

motor controller as well as limits on maximum velocities with which to drive the motor.
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[68836] The position-controtied motor controller may include a feedback loop configured
to drive a motor to a commanded position. In particular, a position sensor such as a motor
encoder may be connected to an output shafi of the motor. The position-controlled motor
controller may receive, from the position sensor, a signal indicative of the position of the
motor. Based on the received signal and a target posttion commanded to the motor, the
feedback loop may attempt to bring the motor to the target position in a sunimal amount of
time. Achieving the target position in a minimal amount of time may involve the following
operations.

10637] First, during a first time inderval, the position controlled motor countroller may
drive the motor with a first maximum acceleration 1 a first dircction {e.g., a positive
acceleration). The first direction may be a direction towards the target position commanded to
the position-controlled motor controller. Second, during a second time mterval, as the motor
approaches the target position, the position-controlled motor controller may drive the motor
with a second maximum acceleration in a second direction opposiic to the first direction {e.g.,
a negative acceleration). Driving the motor n the second direction may cause the motor to
slow down as the motor approaches the target position so as not to overshoot the target
posttion. Thus, the motor may reach the target position at zero velocity (i.¢., the motor may
be stopped at the target position). This fixed and predictable behavior of the position-
controlled motor controller may be used to determine a target position that, when commanded
to the position-controlled motor controller, is predicted to cause the motor controller to drive
the motor with a target velocity at a known/predetermined future time (i.c., a target time
point}. The known/predetermined future time may be based on a frequency with which a
control system is configured to communicate with and/or provide position commands to the
posttion-~controlicd motor controller.

[8638] In general, the posiion-controlled motor controller may be configured to drive the
motor to the target posttion with a characteristic motion profile. In one embodiment, the
characteristic motion profile may include a charactenstic acceleration profile. The
characteristic acceleration profile may include a first maximum acceleration i a frst
direction and a second maximum acceleration i a second direction opposite to the first
direction. Thus, the position-controlled motor controller may attempt to bring the motor to
the target position as quickly as possible using only the first and second maximum
accelerations, as described above.

[8639] Altematively, the charactenstic acceleration profile may include the maximum

accelerations in the first and second directions as well as acceleration profiles with which the
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position-controlled motor controller transitions from (1) zero acceleration to the first
maximum acceleration, and vice versa, {n) the first maximum acceleration to the second
maximum acceleration, and vice versa, and (111} the second acceleration to zero acceleration,
and vice versa. For example, the characteristic acceleration profiles of the position-controlied
motor controller may indicate acceleration transitions that result in a smooth and continuous
velocity of the motor to minimize motor jerk.

{0048] The characteristic motion profile of the position-controlier motor controlicr may
be modifiable. In one example, a user interface may be provided that allows the parameters of
the position-controlier motor controller to be set. The parameters may include the
characteristic acceleration profile, a maximum motor velocity imit, and a2 maximum motor
torque limit, among other possibilitics. Alternatively or additionally, the parameters may be
modifiable by commands from a control svstem. For example, when the control system
determinges that the motor is expected to drive a larger load (e.g., when the vehicle is carrving
a large pavload), the control system may provide instructions to the position-controlied motor
controller to reduce the maximum acceleration of the motor (e.g., for safety reasons) and
merease the maximum motor torgue (e.g., to ensure the motor can move the large load).

{0641} In one example, the operations hercin described may be implemented by a control
system. The control system may be configured 1o control a speed, direction, and position of a
vehicle. The control system may receive or determune a conwnanded velocity profile for the
vehicle to follow. The commanded velocity profile may be discrete or continuous. When the
commanded velocity profile is contimuous, it may be discretized mto a plurality of velocity
points corresponding to a plurality of time points. The time interval separating consecutive
time points may be based on a frequency with which the control system is configured to
communicate with the position-controlled motor controller {¢.g., via Controller Arca Network
bus). The time interval separating consecutive time points mav be referred to as a
characteristic time interval.

{8642} The control system may select, as the target velocity for the motor, consecutive
velocity points of the plurality of discrete velocity points corresponding to consecutive time
points of the plurality of time points. Specifically, when a first target velocity 1s reached, the
target velocity may be updated to the next target velocity corresponding to the next time point
in the sequence of the plurality of time points. For example, the conirol system may first
select as the target velocaity a velocity corresponding to t = 1 (¢ = | may be the target time
point corresponding to the target velocity). When time t = 1 and the comresponding target

velocity 15 reached, the target velocity may be updated to a velocity corresponding tot = 2
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{the target time point may be updated to t = 2). When time t = 2 and the corresponding target
velocity 1s reached, the target velocity may be updated o a velocity corresponding to t = 3,
and so on. The process may be repeated for all time points of the plurality of time point
corresponding to the commanded velocity profile.

[8643] The control svstem may determine, based on the characteristic acceleration profile
of the position-controlled motor controller, a target position that, when commanded to the
motor controller, is predicted to cavse the motor controller to drive the motor with the
determined target velocity. In other words, by knowing the acceleration profile with which
the position-controlled motor coutroller is configured to atiempt o reach positions
cormnmanded thereto, the control svstem may determing what position needs to be commanded
to the motor controlier so that the motor ends up rotating with the target velocity at the time
point corresponding to the target velocity. When the target velocity 13 updated, the process
may be repeated. Thus, the position-controlled motor controller may be caused to drive the
motor to follow the sequence of target velocities.

[3044] The control system may determune, based on the characteristic acceleration
profile, an expected velocity profile that the motor i3 predicted to follow durng the
characteristic time interval. The endpoint velocity of the expected velocity profile may be
determined to be the target velocity. Thus, at a target tume point corresponding {o the
endpoint of the expected velocity profile {¢.g., the end of the charactenistic time interval}, the
motor may be predicted to reach the target velocity.

{0045] The expected velocity profilc may then be integrated over the characteristic time
mterval to determine an angular displacement of the motor. The determuined angular
displacement may be used to determine the target position. Specifically, the value of the
determined angular displacement may be added to a current angular position of the motor and
the sum may be provided to the posttion-controlled motor controller as nput. Thus, if the
position-controlled motor controller follows the characteristic acceleration profile as
predicted, the position commanded to the position-controlled motor controller will result in
the motor being driven at the target velocity at the target time pomt corresponding to the
target velocity {(¢.g., at the end of the characteristic time nterval). The target velocity may be
updated and the operations repeated for consecutive velocity points along the commanded
velocity profile.

[8646] In one embodiment, determining the target position that 1s predicted to cause the
motor controller to drive the motor with the target velocity at the target time pomt may

mclude determining the time point at which to reach the target velocity. For ¢xample, the

1
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target time point may be based on a frequency with which the control system is configured to
communicate with the position-controlied motor controller. The target time point at which to
rcach the target velocity may be a time pomnt at which the control svstem s configured to
provide the next position command {o the motor controller.

18647} A first time interval may be determined during which the motor controller is
predicted to drive the motor with the first maximum acceleration in the first direction. The
motor controller may be predicted to dnve the motor from a current position of the motor in
the first direction towards the target position. A second time interval may be determined
during which the motor controller is predicted to drive the motor with the second maximum
acceleration m the second direction. The motor controlier may be predicted to dnve the motor
m the second direction to reduce the speed of the motor as the motor approaches the
commanded position. The determined time intervals and corresponding accelerations may
make up the expected velocity profile of the motor.

{0048] A first double integral mav be determined of the first maximum acceleration over
the first ime mterval. A second double integral may be determined of the second maximum
acceleration over the second time mterval. The first and second time intervals may make up
the charactenstic time interval. The double integrals of acceleration may represent an angular
displacement of the motor. The target position for the motor may be determined based on a
sum of the first double integral and the second double integral. For example, the target
position commanded to the motor controller may be the sum of the first double integral, the
second double integral, and a current motor position.

Ii. Example Systems

18049] Figure 1 illustrates an example configuration of an electromechanical system 100
that may be used in coonection with the embodimenis described herein. The
clectromechanical system 100 may be configured to operate autonomously, semi-
agtonomously, and/or using directions provided by user(s). The electromechanical system
100 may be implemented in various forms, such as a robotic device {e.g.. walking robot, a
stationary robotic manipulator with an end cffector), a ground vehicle, an acnial vehicle, a
medical device, or a consumer device. For example, when the electromechanical svstem 100
s a vehicle, it may be implemented in various forms, such as forklifts, pallet jacks, cars,
trucks, motorcyeles, buses, boats, airplanes, helicopters, lawn mowers, carth movers, boats,
snowmobiles, aircraft, recreational vehicles, amusement park vehicles, farm equipment,

construction equapment, warchouse equipment, trams, golf carts, traing, and trolleys.

il
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[8630] As shown in Figure 1, the electromechanical system 100 may include processor(s)
102, data storage 104, and controller(s) 108, which together may be part of a control system
118, The clectromechanical system 100 may also include sensor{s} 112, power source(s) 114,
mechanical components 110, electrical components 116, and communication hnk{s} 120
Nonetheless, the electromechanical system 100 is shown for dlustrative purposes, and may
mclude more or foewer components. The vanous components of electromechanical system
100 may be connected in any manner, including wired or wireless connections. Further, in
some examples, components of the electromechanical system 100 may be distributed among
multiple physical entities rather than a single physical entity. Other example ilusteations of
clectromechanical systemn 100 may exist as well.

[8651] Processor(s) 102 may operate as one or more general-purpose hardware processors
or special purpose hardware processors {g.g., digital signal processors, application specific
mtegrated circuits, etc.}. The processor(s) 102 may be configured o execute computer-
readable program instructions 106, and manipulate data 107, both of which are stored in the
data storage 104. The processor(s) 102 may also directly or mdirectly interact with other
components of the electromechanical system 100, such as sensor(s) 112, power source(s)
114, mechanical components 110, clectrical components 116, and/or communication link(s)
120,

[80652] The data storage 104 may be one or more tvpes of hardware memory. For
example, the data storage 104 may melude or take the form of one or more computer-
readable storage media that can be read or accessed by processor(s) 102. The one or more
computer-readable  storage media can include volatile and/or non-volatile storage
components, such as optical, magnetic, organic, or ancther type of memory or storage, which
can be integrated in whole or in part with processor(s) 102. In some embodiments, the data
storage 104 can be a smgle physical device. In other embodiments, the data storage 104 can
be implemented asing two or more physical devices, which may communicate with one
ancther via wired or wirgless communication. Ag noted previously, the data storage 104 may
mchude the computer-readable program instructions 106 and the data 107, The data 107 may
be any tvpe of data, such as configuration data, sensor data, and/or diagnostic data, among
other possibilities.

10653] The controller 108 may include one or more electrical circuits, units of digital
logic, computer chips, and/or microprocessors that are configured to (perhaps among other
tasks) mterface between any combination of the mechanical components 110, the sensor(s)

112, the power source{s} 114, the electrical components 116, the control system 118, the
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communication link{s} 120, and/or a user of the electromechanical system 100. In some
embodiments, the controller 108 may be a purpose-built embedded device for performing
specific operations with one or more subsystems of the electromechanical system 100,

[0054] The control system 118 may monitor and physically change the operating
conditions of the electromechanical system 100, In doing so, the control system 118 may
serve as a link between portions of the clectromechanical system 100, such as between
mechanical components 110 and/or electrical components 116. In some instances, the control
system 118 may serve as an mterface between the electromechanical system 100 and another
computing device. Further, the control system 118 may serve as an interface between the
clectromechanical system 100 and a uscr. For instance, the condrol system 118 may include
various components for communicating with the electromechanical system 100, mclading a
joystick, buttons, and/or ports, etc. The example interfaces and communications noted above
may be implemented via a wired or wireless connection, or both. The control system 118 may
perform other operations for the electromechanical system 100 as well.

[3035] In some implementations, the control system 118 of electromechanical system 100
may also mclude communication bnk{s} 120 configured to send and/or receive information.
The communication link{s) 120 may transmit data indicating the statc of the various
components of the electromechamcal system 100, For example, information read by sensor(s)
112 may be transmitted via the communication link{s) 120 to a separate device. Other
diagnostic information indicating the mtegnty or health of the power source(s) 114,
mechanical components 110, electrical components 116, processor(s) 102, data storage 104,
and/or controller 108 may be transmitted via the communication hink{s} 120 to an external
communication device.

[0656] In some wmmplementations, the eclectromechanical system 100 may receive
mformation at the communication link{s} 120 that 1s then processed by the processor(sy 102,
The received information may indicate data that 1s accessible by the processor(s} 102 during
execution of the program instructions 106, Further, the received information may change
aspects of the controller(s) 108 that may atfect the behavior of the mechanical components
114 or the clectrical components 116, In some cases, the received information may indicate a
query requesting a piece of information (c.g. the operational state of one or more of the
components of the ¢lectromechanical systems 100}, The processor(s) 102 may subsequently
transmit the piece of information back out the communication link(s) 120.

{8657} In some cases, the communication hok(s} 120 may mchuide a wired connection.

The eclectromechanical system 100 may include ome or more ports to interface the
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communication link(sy 120 {0 an external device. The communication link(s) 120 may
melude, in addition to or alternatively to the wired connection, a wireless connection. Some
example wircless connections may utilize a cellular connection, such as CDMA, EVDQO,
GSM/GPRS, or 4G ielecommunication, such as WiMAX or LTE. Aliematively or in
addition, the wireless connection may wtilize a Wi-Fi connection to transmit data to a wireless
local arga network (WLAN). In some tmplementations, the wircless connection may alsc
communicate over an infrared link, Bluetooth, or a near-ficld communication {(NFC) device.

{8038] During operation, the control system 118 may communicate with other systems of
the electromechanical system 100 via wired or wireless connections, and may further be
configured to conununicate with one or more users of the robot. As onc possible ilustration,
the control gvstem 118 may receive an put {c.g., from a user or from another robot)
mdicating an instruction to actuate the electromechanical svstem 100 to perform a series of
tasks such as moving objects between different locations. The input to control system 118
may be received via the communication tink{s) 120,

[B0539] Based on this mput, the control system 118 may perform operations to cause the
clectromechanical device 100 to use semsors 112 to scan an environment of the
clectromechanical system 100 (c.g.. robotic systeny) and use mechanical components 110 to
pick up and move an object identified by the scan.

8661} Operations of the control system 118 may be carried out by the processor{sy 102
Alternatively, these operations may be carried out by the controller 108, or a combination of
the processor(sy 102 and the controller 108, In some embodiments, the control system 118
may partially or wholly reside on a device other than the electromechanical system 100, and
therefore may at least in part control the electromechanical system 100 remotely.
Communication lnk{s} 120 may be used at least m part to camry out the remote
communication.

[8661] Mechanical components 110 represent hardware of the electromechamical system
100 that may cnable the ¢lectromechanical system 100 {0 perform physical operations. As a
few examples, the mechanical components 110 may include physical members such as leg(s),
arm(s}, wheel(s), inkage(s), and/or end effector(s). The mechamcal components 110 or other
parts of electromechanical system 100 may further mclude motors, actuators, and/or
transmissions/gearboxes/gear-trains arranged to move the physical members in relation to one
another. The clectromechanical systern 100 may also include one or more structured bodies
for housing the control system 118 and/or other components, and may further mchide other

types of mechanical components. The mechanical components 110 used m a given
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clectromechanical system may vary based on the design of the electromechanical, and may
also be based on the operations and/or tasks the electromechanical may be configured to
perfornt.

[8662] In some examples, the mechanical componenis 110 mav nclude one or more
removable components. The electromechanical systemn 100 may be configured to add and/or
remove such removable components, which may imvolve assistance from a user and/or
another robot. For cxample, the electromechanical system 100 mav be configured with
removable arms, hands, feet, legs, wheels, hinkages, and/or end effectors so that these
members can be replaced or changed as needed or desired. In some embodiments, the
clectromechanical system 100 may include one or more removable and/or replaceable battery
units or sensors. Other types of removable components may be included within some
embodiments.

{8663} The clectromechanical system 100 may include sensor(s) 112 arranged to sense
aspects of the electromechanical system 100, The sensor(s) 112 may include one or more
force sensors, torgue sensors, velocity sensors, acceleration seunsors, position sensors,
proximity sensors, motion sensors, location sensors, load sensors, temperature sensors, touch
sensors, depth sensors, ultrasonic range sensors, infrared sensors, object sensors, and/or
cameras, among other possibilitics. Within some examples, the electromechanical system 100
may be configured to receive sensor data from sensors that are physically separated from the
clectromechanical system {¢.g., sensors that are positioned on other clectromechamical
systems/devices or located within the environment in which the electromechanical system 1s
operating).

10064] The sensor(s) 112 may provide sensor data to the processor(s)y 102 (perhaps by
way of data 107) to allow for interaction of the clectromechanical svstem 100 with uts
environment, as well as monutoring of the operation of the clectromechanical system 100,
The sensor data may be used in evaluation of various factors for activation, movement, and
deactivation of mechanical components 110 and electnical componenis 116 by controf system
118, For cxample, the sensor(s) 112 may capture data corresponding to the terrain of the
environment, location of nearby objects, and/or wdentity of nearby objects, which may assist
with environment recognition and navigation. In an example configuration, sensor(s) 112
may mchude RADAR (e.g., for long-range object detection, distance determination, and/or
speed determination), LIDAR (¢ g., for short-range object detection, distance determination,
and/or speed determunation), SONAR {(eg., for underwater object detection, distance

deternunation, and/or speed determination}, YVICON® {¢.g., for motion capture), one or more
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cameras {e.g., stercoscopic cameras for 3D vision), a global positioning system (GPS)
transceiver, and/or other sensors for capturing imformation of the environment in which the
clectromechanical system 100 is operating. The sensor(s} 112 may monitor the environment
m real time, and detect obstacles, elements of the terrain, weather conditions, temperature,
and/or other aspects of the environment.

{8665} Further, the clectromechanical system 100 may include sensor(s) 112 configured
to receive mformation indicative of the state of the electromechanical system 100, including
sensor{s} 112 that may monitor the state of the varioss components of the electromechanical
systern 100, The sensor{s) 112 may measure activity of systems of the electromechanical
systermn 100 and receive information based on the operation of the vanous features of the
electromechanical system 100, such the operation of extendable legs, arms, wheels, linkages,
acteators, motors, and/or other mechamcal and/or electrical features of the eleciromechanical
system 100, The data provided by the sensor{s} 112 may cnable the control system 118 o
determine errors in operation as well as monitor overall operation of components of the
clectromechanical system 100,

[0066] As an example, the clectromechanical system 100 may use force sensors to
measure joad on various componcuts of the clectromechanical system 100, In some
mplementations, the electromechanical system 100 may include one or more force sensors
on one or more mechanical members such as a arms, legs, wheels, linkages, manipulators,
and/or end effectors to measure the load on the actuators or motors that move the one or more
members. As another example, the clectromechanical svstem 100 may use one or more
position sensors to sense the position of the actuators of the electromechanical system 100
For instance, such position sensors may sense states of extension, retraction, and/or rotation
of the actuators/motors on arms or legs of the electromechanical system 100,

[8667] As another example, the sensor(s) 112 may mclude one or more velocity and/or
acceleration sensors. The sensor{s) 112 may measure both linear and angular velocity and/or
acceleration. For wstance, the sensor(s} 112 may include an inertial measarement unit (IMU}
having a 3-axis accelerometer, a 3-axis gyroscope, and a 3-axis magocetometer. The MU may
sense velocity and acceleration in the world frame, with respect to the gravity vector. The
velocity and acceleration sensed by the IMU may then be translated to that of the
clectromechanical system 100 based on the location of the IMU i the clectromechanical

gystern 100 and the kinematics of the electromechanical system 100.
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[0068] The clectromechanical system 100 may include other types of sensors not
explicated discussed herein. Additionally or alternatively, the electromechanical system may
use sensors for purposes not enumerated herein.

{0069] The electromechanical system 100 may also mclude one or more power source(s)
114 configured to supply power to various components of the clectromechanical system 100
Among other possible power systems, the electromechanical system 100 mav inclode a
hydraulic system, pneumatic systom, clectrical system, batteries, and/or other types of power
systems. As an example illustration, the electromechanical system 100 mayv mnclude one or
more batteres configured to provide charge to components of the electromechanical system
100. Some of the mechanical components 110 and/or electnical components 116 may each
connect to a different power source, may be powered by the same power source, or be
powered by multiple power sources.

18078] Any tvpe of power source may be used to power the eloectromechanical system
100, such as cloctrical power or a gasoline engine. Additionally or alternatively, the
clectromechanical system 100 may nclude a hydranlic system configured to provide power
to the mechanical components 110 using thad power. Components of the electromechanical
systern 100 may operate based on hydraunlic fluid being transmitted throughout the hydraulic
gystern to various hydraulic motors and hydraulic cylinders, for example. The hydraulic
system may transfer hvdraulic power by way of pressunzed hydraulic fhud through tubes,
flexible hoses, or other links between components of the clectromechanical system 100. The
power source(s) 114 may charge using various types of charging, such as wired connections
to an outside power source, wireless charging, combustion, or other examples.

18071] The clectrical components 116 may include various mechanisms capable of
processing, transforring, and/or providing clectrical charge or electric signals. Among
possible examples, the electrical components 116 may include electrical wires, circuitry,
and/or wireless communication transmitters and receivers to enable operations of the
clectromechanical system 100, The electnical components 116 may interwork with the
mechanical components 110 to enable the clectromechanical system 100 to perform various
operations. The clectrical components 116 may be configured to provide power from the
power source{s} 114 to the various mechanical components 110, for example. Further, the
clectromechanical system 100 may nclude ¢lectric motors. Other examples of electrical
coraponents 116 may exist as well.

18672} Although not shown in Figure 1, the clectromechanical systemn 100 may include a

body, which may connect to or house appendages and components of the electromechanical
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system. As such, the structure of the body may vary within examples and may further depend
on operations that a given electromechanical system may have been designed to perform. For
example, an clectromechanical systom developed to carry heavy loads may have a wide body
that enables placement of the load. Similarly, an electromechanical system designed to reach
high speeds may have a narrow, small body that docs not have sabstantial weight. Further,
the body and/or the other components may be developed using various types of materials,
such as metals or plastics. Within other examples, an clectromechanical system may have a
body with a different structare or made of various types of materials.

10673} The body and/or the other componenis may include or carry the sensor{s}) 112
These sensors may be positioned in varous locations on the electromechanical device 100,
such as on the body and/or on one or more of the appendages, among other examples.

[8674] On its body, the electromechanical system 100 may carry a load, such as a type of
cargo that is 1o be transported. The load may also represent external batteries or other types of
power sources {e.g., solar pancls) that the clectromechanical system 100 may utilize.
Carrving the load represents one example use for which the electromechanical system 100
may be configured, but the clectromechanical system 100 may be configured to perform other
operations as well.,

{8673} As noted above, the electromechanical system 100 may mclude various types of
legs, arms, wheels, tracks, treads, limkages, motors, actuators, and so on. In general, the
clectromechanical system 100 may be configured with zero or more legs. An implementation
of the clectromechanical system with zero legs may include wheels, tracks, treads, or wings,
thrusters, rofors, or some other form of locomotion.

10676] Although not shown in Figure 1, when the electromechanical system 100 is a
vehicle {e.g., vehicle system 100), 1t may nclude a chassis and/or an operator cabin, which
may connect to or house components of the vehicle systern 100, The structure of the chassis
and/or cabin mav vary within examples and may further depend on operations that a given
vehicle may have been designed to perform. For example, a vehicle developed to carry large,
heavy loads may bave a wide, ngid chassis that cnables placement of the load. Similarly, a
vehicle designed to carry light loads at lugh speeds may have a narrow, small chassis that
does not have substantial weight. Further, the chassis, cabin, and/or the other components
may be developed using various types of maternials, such as metals or plastics. Within other
examples, a vehicle may have a chassis with a different structure or made of various types of

materials.
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18677} The chassis, cabin, and/or the other components may include or carry the sensor(s)
112. These sensors may be positioned in various locations on the vehicle system 100, such as
on top of the chassis to provide a high vantage point for the sensor{s) 112.

[8678] The vehicle system 100 may carry a load, such as a type of cargo that is to be
transported. The load may also represent external batteries or other types of power sources
{e.g.. solar pancis} that the vehicle system 100 may utilize. Carrving the load represents one
example use for which the vebicle system 100 may be contigured, but the vehicle system 100
may be configured to perform other operations as well.

I Example Warehouse Vehicle Fleet

{0079] Figure 2A depicts a fleet of vchicles and robotic devices within a warchouse
sething, according to an example embodiment. More specifically, different types of vehicles
and robotic devices may form a heterogeneous robotic vehicle fleet 200 that may be
controlled to collaborate to perform tasks related to the processing of items, objects, or boxes
within a warchouse environment. Certain example types and numbers of different vehicles
and robotic devices are shown here for illustration purposes, but robotic vehicle fleet 200
may employ more or fewer vehicles and robotic devices, may omit certain types shown here,
and may also include other tvpes of vehicles and robotic devices not explicitly shown. The
systems and operations described herein may be mmplemented in, performed by, and/or
applicd to any of the vehicles shown or otherwise contemplated herein. Additionally, a
warchouse eovironment is shown here with certain types of fixed components and structures,
but other tvpes, nuntbers, and placements of fixed componenis and structures may be used in
other examples as well.

10088] Onc cxample tvpe of vehicle shown within robotic vehicle fleet 200 1s an
autonomous guided vehicle (AGV) 212, which may be a relatively small, vehicle with wheels
that may function to transport individual packages, cases, or totes from one location to
another within the warchouse. Another example type of vehicle 1s an autonomous fork truck
214, a mobile device with a forklift that may be used to transport pallets of boxes and/or to
Iift pallets of boxes (¢.g., to place the pallets onto a rack for storage). An additional example
type of a robotic vehicle/device 18 a robotic truck loader/unloader 216, a mobile device with a
robotic manipulator as well as other components such as sensors to facilitate loading and/or
unloading boxes onto and/or off of trucks or other vehicles. For instance, robotic truck
unioader 216 may be used to load boxes onto delivery truck 218, which may be parked

adjacent to the warchouse. In some examples, movements of delivery truck 218 {c.g., to
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deliver packages to another warchouse} mav also be coordinated with robotic devices within

{06681} Other tvpes of vehicles and mobile robotic devices than those illustrated here may
also be mcluded as well or instead. For example, the vehicle fleet 200 may nclude vanations
of fork truck 214 such as a pallet jack and/or a fork truck/pallet jack hybrid. In some
examples, onc or more vehicles and/or robotic devices may use different modes of
transportation  besides wheels on the ground. For instance, one or more robotic
vehicles/devices may be airborne {e.g., gquadcopters), and may be used for tasks such as
moving objects or collecting sensor data of the environment.

[0082] In further cxamples, the robotic fleet 200 may also include various fixed
components that may be positioned within the warchouse. In some exampies, one or more
fixed robotic devices may be used to move or otherwise process boxes. For instance, a
pedestal robot 222 may include a robotic arm clevated on a pedestal that is fixed to the
ground floor within the warchouse. The pedestal robot 222 mav be controlied to distribute
boxes between other robots and vehicles andfor to stack and unstack pallets of boxes. For
example, the pedestal robot 222 may pick up and move boxes from nearby pallets 240 and
distribute the boxes to mdividual AGVY’s 212 for transportation to other locations within the
warchouse.

[8683] In additional examples, robotic flegt 200 may emplov additional fixed components
positioned within a warchouse space. For instance, high density storage racks 224 may be
used to store pallets and/or objects within the warchouse. The storage racks 224 may be
designed and positioned to facilitate interaction with one or more vehicles and/or robotic
devices within the fleet, such as awtonomous fork truck 214. In further examples, cortain
ground space may be selected and used for storage of pallets or boxes as well or instead. For
mstance, pallets 230 may be positioned within the warchouse environment at chosen
locations for certain periods of tme to allow the pallets to be picked up, distnibuted, or
otherwise processed by one or more of the vehicles and/or robotic devices.

[0084] Figure 2B is a functional block diagram illustrating components of a robotic
warchouse fleet 200, according to an example embodiment. The robotic ticet 200 could
mclude one or more of varicus mobile components, such as AGV’s 212, autonomous fork
trucks 214, robotic truck loaders/unloaders 216, and delivery trucks 218, The robotic flect
200 may additionally include one or more fixed components positioned within a warchouse
or other environment, such as pedestal robots 222 density storage containers 224, and battery

exchange/charging stations 226. In further examples, different numbers and types of the
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components ilustrated within Figure 2B mav be included within a fleet, certain types may be
omitted, and additional functional and/or physical components may be added to the examples
illustrated by Figure ZA and 2B as well. To coordinate actions of scparate components, a
global control system 250, such as a remote, cloud-based server system, may communicate
{e.g., through wireless communication} with some or all of the system components and/or
with separate local control systems of individual components.

{O085] In some cxamples, global control system 250 may mclude a central planning
system that assigns tasks to different robotic devices within fleet 200. The contral planning
systern may employ varicus scheduling algorithms to determine which devices will complete
which tasks at which times. For instance, an auction fype system may be used in which
mdividual robots bid on different tasks, and the central planning system may assign tasks (o
robots to minimize overall costs. In additional examples, the central planning system may
optimize across one or more different resources, such as time, space, or encrgy wtilization. In
further examples, a planning or scheduling system may also mcorporate aspects of the
seometry and physics of box picking, packing, or storing.

[3086] Planning control may also be distnbuted across individual system components.
For example, global control system 250 may issuc mstructions according to a global system
plan, and individual system components may also operate according to separate local plans.
Additionally, different levels of detail may be included within a global plan, with other
aspects left for individual robotic devices to plan locally. For instance, mobile robotic devices
may be assigned target destinations by a global planner but the full routes to reach those
target destinations may be planned or modified locallv. In another example, the global
planner may provide the vehicles and robotic devices with predetermined paths. The vehicles
and robotic device may control a speed along the predetermined paths and may modify the
predetermined paths based on local sensor data.

18087 In additional examples, a central planning system may be used in conjunction with
local vision on individual vehicles and/or robotic devices to coordinate functions of robots
within robotic vehicle flect 200. For instance, a central planning systom may be used to get
the vehicles and/or robots relatively close to where thev need to go. However, it mav be
difficult for the central planning svstem to command vehicles and/or robots with mullimeter
precision, unless the vehbicles/robots are bolied to rails or other measured components are
used to precisely control vehicle/robot positions. Local vision and planning for individual
vehicles and/or robotic devices may therefore be used to allow for elasticity between different

vehicles and/or robotic devices. A general planner may be used to get a vehicle/robot close to
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a target location, at which pomt local vision of the vehicle/robot may take over. In some
examples, most vehicle/robotic functions may be  position-controlied to got the
vehicles/robots relatively close to target locations, and then vision and handshakes may be
used when needed for local control.

{8088] In further examples, visual handshakes may enable two vehicles/robots to identify
one another by AR tag or other characteristics, and to perform collaborative operations within
fieet 100, In additional examples, items {¢.g., packages to be shipped) may be provided with
visual tags as well or instead, which may be used by the vehicles and/or robotic devices to
perform operations on the items using local vision control. In particular, the tags may be used
to facilitate manipulation of the ttems by the vehicles and/or robotic devices. For mstance,
one or more tags on particular locations on a pallet may be used to inform a fork ift where or
how to Lift up the pallet.

{0089 In additional examples, deployment and/or planning strategics for fixed and/or
mobile components mav be optimized over time. For mstance, a cloud-based scrver syvstem
may mcorporate data and mformation from individual vehicles/robots within the fleet and/or
from external sources. Strategics may then be refined over time to enable the fleet to use less
space, less time, less power, less electricity, or to optimize across other variables. In some
examples, optimizations may span across multiple warchouses, possibly including other
warchouses with robotic vehicle fleets and/or traditional warchouses. For instance, global
control systemn 250 may incorporate mformation about delivery vehicles and transit times
between facibities into central planming.

[3099] In some examples, a central planning system may sometimes fail, such as when a
robot gets stuck or when packages get dropped in a location and lost. Local robot vision may
also therefore provide robustness by inserting redundancy to handle cases where the central
planner fails. For mstance, as an automatic pallet jack passes and identifies an object, the
pallet jack may send mformation up to a remote, cloud-based server system. Such
mformation may be used to fix errors in cendral planning, help to localize robotic devices, or
to identify iost objects.

[B091] In further examples, a central planmng svstem may dynanucally update a map of
the phyvsical environment containing robotic fleet 200 and objects undergomg processing by
the robotic devices. In some examples, the map may be continuously updated with
mformation about dyvnamic objects {¢.g., moving robots and packages moved bv robots). In
additional examples, a dynamic map could contain information on both the current

configuration or placement of components within a warchouse {or across multiple
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warchouses) as well as information about what is anticipated 0 the near term. For mstance,
the map could show current locations of moving robots and anticipated locations of the robots
in the future, which mayv be used to coordinate activity between robots. The map could also
show current locations of items undergoing processing as well as anticipated future locations
of the items {c.g., where an item is now and when the item is anticipated to be shipped out).
The map mav be used to determine paths for the vebicles and robotic devices to follow n
order to traverse the environment of the warchouse.

[6692] In additional examples, some or all of the robots may scan for labels on objects at
different points within the process. The scans may be used to look for visual tags that may be
applied to individual components or spectfic tiems to facilitate finding or keeping track of
components and items. This scanning may vield a trail of items constantly moving around as
the ttems are mampulated or transported by vehicles and robots. A potential benefit may be
added transparency, both on the supplier side and the consumer side. On the supplier side,
mformation about current locations of mventory may be used to avoid overstocking and/or to
move ttems or pallets of items to different locations or warchouses fo anticipate demand. On
the consumer side, the imformation about current locations of items may be used to determine
when a package will be delivered with improved accuracy.

[8693] In some examples, some or all of the mobile components 210 within robotic fleet
200 may periodically receive charged batteries from a battery exchange station 226 equipped
with mulktiple battery chargers. In particolar, the station 226 mav replace a mobile robot’s old
batterics with recharged batteries, which may prevent robots from having to sit and wait for
batteries to charge. The batterv exchange station 226 may be equipped with a robotic
manipulator such as a robotic arm. The robotic manipulator may remove batteries from an
mdividual mobile robot and attach the batteries to available battery chargers. The robutic
manipulator may then move charged batteries located at the station 226 mto the mobile robot
to replace the removed batteries. For instance, an AGY 212 with a weak battery may be
controlled to move over to battery exchange station 226 wherg a robotic arm pulis 3 battery
out from the AGV 212, puts the battery i a charger, and gives the AGV 212 a fresh battery.

[8094] Figures 3A-3C lustrate several examples of vehicles that may be included withan
a robotic vehicle warchouse fleet. Other robotic devices which vary in form from those
tHustrated here as well as other types of robotic devices may also be mchided.

[0695] Figure 3A illustrates a robotic truck unloader 300, according to an example
embodiment. Robotic truck unloader 300 may be an example of vehicle system 100, as

tHustrated in Figure 1. In some exarnples, a robotic truck vnloader may include one or more
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sensors, one or more compuaters, and one or more robotic arms. The sensors may move along
a sensor trajectory {0 scan an envirgnument containing one or more objects in order to capiure
visual data and/or three-dimensional (3D} depth nformation. Data from the scans may then
be integrated into a representation of larger arcas m order o provide digital environment
reconstruction. In additional examples, the reconstructed envivonment may then be used for
wdentifving objects to pick up, determuning pick positions for objects, and/or planning
collision-free trajectories for the one or more robotic arms and/or a mobile base.

{8096] The robotic truck unloader 300 may include a robotic arm 302 with a gripping
component 304 for gripping objects within the environment. The robotic arm 302 mayv use
the gripping component 304 to pick up and place boxes to load or unload trucks or other
containers. The truck unioader 300 may also include a moveable cart 312 with wheels 314 for
locomotion. The wheels 314 may be holonomic wheels that allow the cart 312 to move with
two degrees of freedom. Additionally, a wrap around front conveyor belt 310 may be
mchuded on the holonomic cart 312, In some examples, the wrap around front conveyer belt
may allow the truck loader 300 to unload or load boxes from or to a truck contamer or pallet
without having to rotate gripper 304

{00%97] In further cxamples, a sensing system of robotic truck unloader 300 may usc one
or more sensors attached to a robotic arm 302, such as sensor 306 and sensor 308, which may
be two-dimensional (2B) sensors and/or 3D depth sensors that sense information about the
environment as the robotic arm 302 moves. In some examples, sensors 306 and/or 308 may
be vision scunsors {(e.g., stereo cameras) having a limited field of view. Robotic arm 302 may
be controlled to move sensor 306 to control a portion of the environment observable by the
sensor 306.

{8098] The sensing system may determine information about the environment that can be
used by a control system (e.g., a computer running motion planning software) to pick and
move boxes efficiently. The control system could be located on the device or could be m
remote compmunication with the device. In further examples, scans from one or more 2D or
3D sensors with fixed mounts on a mobile base, such as a front navigation sensor 316 and a
rear navigation sensor 318, and one or more sensors mounted on a robotic arm, such as sensor
306 and sensor 308, may be integrated to build up a digital model of the environment,
mchiding the sides, floor, ceiling, and/or front wall of a truck or other container. Using this
mformation, the control system may cause the mobile base fo navigate into a position for

unloading or loading.
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[80699] In further examples, the robotic arm 302 may be equipped with a gripper 304,
such as a digital suction grid gripper. In such embodiments, the gripper may mclade one or
more suction valves that can be turned on or off cither by remote sensing, or single point
distance measurement and/or by detecting whether suction is achieved. In additional
examples, the digital suction grid gripper may include an articulated extension. In some
embodiments, the potential to actuate suction grippers with rheological fluids or powders
may enable extra gripping on objects with high curvatures.

[3100] The truck unloader 300 may additionally mclude a motor, which may be an
clectric motor powered by electrical power, or may be powered by a number of different
energy sources, such as a gas-based fuel or solar power. Additionally, the motor may be
configured to receive power from a power supply. The power supply may provide power to
various components of the robotic syvstem and could represent, for example, a rechargeable
lithinm-ion or lead-acid batterv. In an example embodiment, one or more banks of such
batterics could be configured to provide electncal power. GOther power supply materials and
tvpes are also possibie.

{3101} Figare 3B shows an autonomous guided vehicle (AGVY), according to an example
cmbodiment. More specifically, AGV 340 may be a relatively small, mobile robotic device
that is capable of transporting individual boxes or cases. The AGY 340 may mclude wheels
342 to allow for locomotion within a warchouse environment. Additionally, a top surface 344
of the AGY 340 may be used to places boxes or other objects for transport. In some
examples, the top surtace 344 may include rotating convevors to move objects to or from the
AGY 340,

[3102] In additional examples, the AGVY 340 may be powered by one or more batteries
that can be quckly recharged at a battery charging station and/or e¢xchanged for fresh
batteries at a battery exchange station. In further examples, the AGV 340 may additionally
mclade other components not specifically identified here, such as sensors for navigation.
AGVs with different shapes and sizes also may be included within a robotic warchouse fleet,
possibly depending on the types of packages handled by a warchouse.

[31083] Figure 3C shows an autonomous fork truck, according to an example embodiment.
More specifically, astonomous fork truck 360 may mclade a forkhift 362 for lifting and/or
moving pallets of boxes or other larger materials. In some examples, the forklift 362 may be
clevated to reach ditferent racks of a storage rack or other fixed storage structure within a
warchouse. The autonomous fork truck 360 mav additionally include wheels 364 for

locomotion to transport pallets within the warchouse. In additional examples, the autonomous
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fork truck may include a motor and power supply as well as a sensing svstem, such as those
described with respect to robotic truck unloader 300. The auionomous fork truck 360 may
also varv in size or shape from the one lustrated n Figure 3C.

[0104] Anv of the robotic devices described herein may inclade one or more sensor{(s)
such as force sensors, proximity sensors, load sensors, position sensors, touch sensors, depth
sensors, ultragsonic range sensors, infrared sensors, Global Positioning System (GPS)
recetvers, sonar, optical sensors, biosensors, Radio Frequency identification (RFI1D) sensors,
Near Field Commumication (NFC) sensors, wireless sensors, compasses, smoke sensors, light
sensors, audio sensors, microphones, speakers, radar, cameras {¢.g., color cameras, grayscale
cameras, and/or nfrared cameras), depth sensors (e.g., Ked Green Blue plus Depth (RGB-D),
lasers, a light detection and rangmg {LIDAR) device, a structured-light scanner, and/or a
time-gf-flight camera), a stereo camera, motion sensors {e.g., gyroscope, accelerometer,
mertial measurement wmt (IMU), and/or foot step or wheel odometry), and/or range sensors
{c.g., ultrasonic and/or infrared), among others. The sensor(s) may provide sensor data to a
processor(s) to allow for approprate interaction of a robotic device with the environment.
Additionally, a robotic device may also mclude one or more power source(s) configured to
supply power to various components of the robotic device. Any type of power source may be
used such as, for example, a gasoline engine or a battery.

IV. Example System Design

{0105] Example embodiments include systems and operations for causing a position-
controlled motor controller to dave a motor to follow or approximate a commanded velocity
profile. Specifically, a control svstem may determine target position commands to provide to
the position-controlled motor controller. The target positions may cause the position-
controlled motor controller to drive the motor controller with a target velocity at a
predeternuined future point in time (1.¢., a target time point). By determining and providing
sequences of such target positions to the position-controlled motor controller, the motor may
be caused to follow or approximate the commanded velocity profile. The target positions may
be determined based on a characteristic acceleration profile of the position-controlied motor
controller. The characteristic acceleration profile may be known to the control system or may
be predicted by the control system.

10106] The control systern may be used 1n any application where velocity control is
desired or needed. For example, the position-controlled motor controller may be used to drive
a motor configured to rotate one or more wheels of a vehicle {e.g., robotic track unloader

300, AGY 340, and/or fork track 360) according to a commanded velocity or velocity profile.
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In some embodiments, velocity control provided by the control system may be used n
combination with the position control tmplemented by the position-controlled motor
controller. For example, position control of the motor by the position-controlied motor
controller may allow the vehicle to follow a desired path through an covironment of the
vehicle. Velocity control of the motor may allow the vehicle to traverse the desired path with
a desired velocity profile. Combined velocity and position control may allow for more
accurate synchronous control of multiple vebicles to prevent collisions between the vehicles.

{3107} In another example, the control system may coordimate operations of two or more
positicn-controlled motor controllers. The first position-controlled motor controller may drive
a first motor that controls a dnve axis of the vehicle. The second position-controlied motor
controller may drive a sccond motor that controls a steering axis of the vehicle. Coordmated
velocity and position control of both motors may allow for smoother and more accurate
tracking of the desired path through the environment by the vehicle.

[0108] Figure 4 illustrates an cxample implementation of a system for operating a
position-controlled motor controller to drive a motor with a target velocity. In particular,
Figure 4 illustrates control svstem 400 connected to motor system 404 through connection
402. Control system 400 may be mmplemented in software, bardware, or a combination
thereof. Connection 402 may be a serial data bus connection implemented according o any
one of a number of known senal bus standards such as Umiversal Data Bus (USB) or
Controller Area Network bus (CAN). Alternatively, connection 402 may be a parallel data
bus connection implemented according to any one of a nwmber of known parallel bus
standards such as Parallel Component Interconnect bus (PCI). In some embodiments,
connection 402 may be a wireless connection. In some embodiments, the frequency with
which control system 400 communicates with position-controlled motor controller 406 may
be lower than a frequency at which the position feedback loop of the position-controlied
motor controller operates.

{8109} Motor system 404 may include motor 410 dnven by the position-controlled motor
controller 406, as illustrated by connection 408, Connection 408 may depend on the type of
motor 410. For example, when motor 410 s a simple DC motor, the connection 408 may
mehude two power lines carrying a high and low voltage signal. In another example, when
motor 410 is a brushless motor, connection 408 may include three power lines cach carrving
a signal having a specific phase and polarity relative to the other power lines.

181 18] Motor system 404 may represent, for example, an off-the-shelf motor system that

mumplements position feedback control of motor 410. In some embodiments, motor system 404
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might not implement velocity feedback control of motor 410 (e g.

Pl

motor system 404 might
not include a velocity feedback loop). In other embodiments, motor system 404 may
implement velocity feedback control of motor 410. However, motor svstem 404 might vot be
configured for operation of motor 410 according to user-specified target velocities. Thus,
although motor system 404 may include a velocity feedback loop, there might not be a way to
command the motor system 404 to drive motor 410 according to desiredftarget {e.g.,
commanded) velocities. Within examples, a motor system may ioclude a motor and a
position-controlled motor controller. Farther, within examples, the motor system may be any
motor system that implements at least position feedback control of the motor {e.g., a motor
system configured to drive the motor to target positions provided to the motor system). In
some examples, motor svstem 404 may be available as an integrated package that ncludes
position-controlled motor controller 406 and motor 404, Alterpatively, motor system 404
may be constructed from a moior and motor coutroller that are designed, manufactared,
and/or sold as scparate and distinct components or units.

[3111] Position-controtled motor controlier 406 may implement a position teedback loop.
Position-controlled motor controller 406 may monitor a position of the output of the motor
410 using onc or more sensors such as position encoders or Hall Effect sensors, as illustrated
by teedback connection 416. Posttion-controlled motor controlier 406 may receive position
commands from control aystem 400 and may, based on position fecdback 416, drive motor
410 to bring the output 412 of motor 410 to the commanded position. The rotational position
of motor output 412 may be measured directly at the motor (c.g., before any gearboxes)
and/or directly at the load (e.g., after any gearboxes), as well as at points therebetween.

10112] Within examples, a position-controlled motor controller may be any motor
controller that implements position feedback control of a motor. Posttion-controlled motor
controller 406 may additionally tmplement a velocity feedback control loop, among a number
of other possible feedback loops. However, in some embodiments, position-controlied motor
controller 406 might not be configured to operate motor 410 according to user-specified
target velocities. For example, the velocity feedback loop might be controllable mtermally by
the position-controlled motor controller 406 1o ensure that motor 410 does not exceed a
predetermined maximuim velocitv., The velocity control feedback loop might not be
controllable externally by velocity commands provided by a user or a control systen external
to motor controller 406. Thus, although position-controlled motor controller 406 may include
a velocity feedback loop, there might not be a way to command the motor controller 406 to

drive motor 410 according to target velocities. Accordingly, control system 400 may be
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configured to provide to the position-controlled motor controller 406 target positions that
cause motor controller 406 to spoof, mimie, or simulate velocity control of motor 410

[0113] Motor 410 may be connecied to a load 414 through connection 412, Connection
412 may be a shafl, a gear, a gearbox, a belt drive, and/or a combination thereof, among other
possibiliies. Load 414 may represent, for example, a wheel of a vehicle or an arm, leg, or
other appendage of a robotic device as well as any mumber of other motor-driven devices or
mechanisms.

[3114] In some embodiments, data from the one or more sensors configured to monitor
the position of the motor cutput 412 may be fed back to control system 400 along feedback
connection 418, Control svsiem 400 may take a derivative of the position data to determing a
velocity of the motor 412, Alternatively, feedback signal 418 may be received from one or
more sensors {e.g., tachometers) configured to measure the velocity of motor 410 directly.

{8115} In contrast to conventional feedback systems, velocity foedback signal 418 might
not be used by control systerm 400 to generate an crror signal that is a difference between a
commanded velocity and an observed velocity. Instcad, control system 400 may rely on
velocity feedback signal 418 to test and/or vabidate assumptions about the characteristic
acceleration profile of the position-controlied motor controller 406, For example, when
control system 400 detects a smaller than expected velocity or acecleration {e.g., derivative of
signal 418 when signal 418 represents encoder data) based on feedback 418, control system
400 may assume or predict that motor 410 15 driving a high load that prevents motor 410
from accclerating at the characteristic acceleration {c.g., motor 410 may be operating at
maximum torque that may be insufficient to produce the characteristic acceleration).
Accordingly, control system 400 may temporarily modify the assumed/predicted
characteristic acceleration profile of position-controlied motor controller 406 until control
systemn 400 again detects, based on signal 418, that motor 410 is dnving load 414 according
to the onginal characteristic acceleration profile.

V. Example Operations for Velocity Profile Approximation

[0116] Figure 5A, 3B, and 5C ilustratc cxample operations for using a position-
controlled motor controller to approximate a velocity profile. Specifically, Figure 3A
tHustrates a graph of velocity v{t) over a plarality of time points t ranging fromt=0to t = 21,
Curve/profile 500 represents a velocity profile that may be received or determined by a
control system. Each of time points 0 - 21 may be associated with a corresponding velocity

along curve 500. For example, time point t = 1 is associated with corresponding velocity 524
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and time point £ = 2 13 associated with corresponding velocity 526. Velocity profile 500 may
represent, for example, vehicle velocity through a portion of an environment.

{0117} A position-conirolled motor controller may be commanded with target positions
that cause the position-controlied motor controller to approximate the commanded velocity
profile 500. Specifically, at cach of time points 0 - 21, the control system may provide the
position-controlled motor controlled with a position command. The position command at a
particular time point may be a command mtended to cause the motor to reach or approximate
a target velocity corresponding to a subseguent time point. For example, at time pont £ = 0,
the position-controlled motor controller may be provided with a position command intended
to cause the motor to reach or approximate target velocity 324 corresponding to time pointt =
1. Likewise, at time point t = 1, the position-controlled motor controller may be provided
with a position command intended to cause the motor to reach or approximate a target
velocity corresponding to time point t = 2.

{3118] The position-controlled motor conirolier may be configured to drive the motor
with a characienistic acceleration profile that mcludes a first maximum acceleration in a first
direction and a second maximum acceleration in a second direction. Thus, in the embodiment
illustrated in Figures 5A, 5B, and 5C, at cach of time points 0 - 21, the control system may
select erther the first maximum acceleration or the second maxinmum acceleration with which
to drive the motor to approximate the target velocity, Figure 5B iHustrates velocity profile
522 resulting from these operations. The first maximum acceleration mayv be represented as
upward-slopmmg line sections on the velocity vs. time graph of Figure 3B. The second
maximum acceleration may be represented as downward-sloping line sections on the velocity
vs. time graph of Figure 5B.

{0119 The control system may determine whether to drive the motor with the first
maximum acceleration in the first direction or the second maximum acceleration m the
second direction by deternmining, based on a current motor velocity, which acceleration brings
the motor closer to the target velocity. For example, at time t = 1, the control system may
deternune that the motor is currently rotating with velocity 528 {¢.g., actual motor velocity
528 as opposed to target velocity 524}, Driving the motor with the second maximum
acceleration in the sccond direction will bring the motor velocity closer to target veloeity 526
at time point t = 2 than driving the motor with the first maximum acceleration i the first
direction. Similarly, at time point t = 2, dnving the motor with the first maximum

acceleration in the first direction will bring the motor velocity closer to the target velocity
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corresponding to time point t = 3 than driving the motor with the second maximum
acceleration n the second direction.

[0120] In order to cause the position-controlied motor controller to drive the motor with
gither the first or the second maximum acceleration during the entire charactenstic time
mterval between consecutive time steps, the control system may command to the position-
controlled motor controller a target position that the motor will not be able to reach in the
characteristic tune wnterval. For example, given the maxinmm acceleration and the current
motor speed, if the motor is capable of completing five rotations in one characteristic time
mterval, the control system may command to the position-controlled motor controller a target
position that is greater than five rotations from the current motor posttion. Before this target
position is reached, the target position will be updated to the next target position. Thus, the
control system can ensure that the position-controlled motor controller will drive the motor
with the selected maximum acceleration during the entire characteristic time interval. In other
words, during the characteristic time interval, the motor will not get a chance to get
sufficiently close to the commanded position to siow down as it approaches the target
POSITION,

[0121] The actual velocity profile 522 produced by the motor approximates the
cornmanded velocity profile 300, However, the individual velocitics along actual velocity
profile 5322 may deviate from the target velocities of the commanded velocity profile 500. For
example, Figure 5C illustrates a maguoitfied portion 532 of the actual velocity profile 522 and
the commanded velocity profile 300. Specifically, at time point t = 1, the actual velocity 528
of the motor 1s more than three times as high as the desired target velocity 524, Likewise, at
time point t = 2, the actual velocity 530 of the motor is zero while the desired target velocity
526 1s greater than zero.

V1. Example Operations for Velocity Profile Tracking

18122] Figure 6 illustrates example operations that may be performed to cause a position-
controled motor controlier to follow/track or approximate a commanded velocity profile.
Specificallv, i block 602 of flow diagram 600, a target velocity for a motor may be
determined. A position-controlled motor controller may be configured to drive the motor to a
commanded posttion with a characteristic acceleration profile. The target velocity for the
motor may be a target velocity corresponding to a time point along a commanded velocity
profile. The position-controlled motor controller may be connected to the motor as illustrated

in Figore 4.
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{#123] In block 604, a target position may be determined that, when commmanded to the
motor controller, may be predicted to cause and/or will cause the motor controlier to drve the
maotor with the target velocity at a target time point. The position-controlled motor controller
may drive the motor with the target velocity at the target time point by driving the motor with
or according to the charactenstic acceleration profile of the position-controlled motor
controlier.

[6124] In block 606, an mmstruction may be provided for exccution by the position-
controlled motor controller. The instruction may be configured to cause the position-
controlled motor controller to drive the motor to the target position. Driving the motor to the
target position may, at the target time point, result in the motor being driven at the target
velocity or at least at a velocity approximately equal to the target velocity. The operations of
flow diagram 600 may be repeated at each time point of a plurabity of tme points
corrgsponding io a commanded velocity profile (e.g., ime points 0 - 21 along commanded
velocity profile 500}

[3125] A “velocity approximately equal to the target velocity” may encompass variations
within +/~ 1% of the target velocity when the motor driven by the position-controlied motor
controller is not under load and/or is not experiencing any extemnal disturbances. When the
motor is under load and/or expeniences extemal disturbances {¢.g., a wheel driven by the
motor drives over a bump or holg), the “velocity approximately equal to the target velocity”
may encompass vanations within +/- 10% of the target velocity.

[3126] Figures 7A ~ 7D illustrate in more detail the operations of Figure 6. Specifically,
Figure 7A illustrates the portion of the commanded velocity profile 300 contained in the
magnified portion 524 shown in Figure 5C. At starting time point t = 0, the commanded
velocity 708 and the actval starting velocity 708 of the motor mayv both be zero (c.g., the
motor may start from rest). At tme point t = 1, velocity profile 500 may mdicate a target
velocity 524, A target position may be determined that, when commanded to the position-
controlled motor controller, is predicted to drve the motor with the target velocity 524 at
time poind t = 1. Time point t = 1 may be referred fo as a target time point or a predetermined
future time pomnt at which to reach the target velocity.

[8127] Specifically, the control system mav determine the target position that is predicted
to cause the motor controller to drive the motor with the target velocity 524 at time pointt= 1
by determining an intersection point 710 between a first ine 700 and a second line 702, The
first ling 700 may be defined as a line through a pomnt corresponding to the starting velocity

708 and the starting time pomnt t = 0 and having a slope corresponding to the first maximum
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acceleration. The second line 702 may be defined as a line through a point corresponding to
the target velocity 524 and the target time point t = 1 and having a slope corresponding to the
second maximum acceleration.

[8128] The control system may assume or reliably predict that the position-controlied
motor controller will first drive the motor according to the velocity represented by lime 700
and then according to the velocity represented by line 702 based on the characteristic
acccleration profile that the position-controlled motor controller is configured to follow. The
position-controlled motor controller may be configured to drive the motor to target positions
commanded thereto in a minimal amount of time. In order to minimize the time required to
rcach target positions, the position-controlled motor controller may be configured to first
drive the motor with the first maximum acceleration m the first divection. As the motor
approaches the target position, the motor may be caused to slow down so as not to overshoot
the target position by being dnven with the second maximum acceleration in the second
direction.

[3129] The control system may then determine an integral 714 of the first line 700
between the starting time point t = 0 and time point 716 corresponding to the intersection
point 710, as shown i Figure 7B. Specifically, the shaded arca 714 may represent the
miegral of line 700 between time point t = 0 and time point 716, Integral 714 may represent
an angular displacement of the motor due to velocity 700. Additionally, control system may
determine an integral 718 of the second line 702 between the time point 716 corresponding to
the intersection point 710 and the target time pomtt= 1.

[3130] The target position may then be determuned by the control svstem based on the
sum of the determined integral 714 of the first line 700 and the determined integral 718 of the
second line 702. Specifically the target position may be determined by adding mtegral 714
and ntegral 718 fo a current position of the motor. This target position may then be
commanded to the position-controlled motor controller. As the position-controlled motor
controler drives the motor to the commanded target position, the motor will follow a velocity
profile represented by fings 700 and 702. Thus, at time point t = 1, the motor will be driven at
target velocity 324, The process may be repeated and a new target position may be
determined to cause the position controlled-motor controller to drive the motor at the next
target velocity 526, Specifically, at time point t = 1 this new target position may be
commanded to the posiion-controlled motor controller before the motor is driven past (e.g.,

overshoots) the target veloeity 524,
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{3131} In order to drive the motor with the target velocity 526 at time point t = 2, the
control system may repeat the operations for the time interval between t = | and t = 2.
Specifically, the control system may determine a target position that is predicted to cause the
motor controller to drnive the motor with the target velocity 526 at fime point t = 2 by
determining an intersection point 712 between a first line 704 and a second line 706. The first
line 704 may be defined as a line through a point corresponding to the starting velocity 524
and the starting time point t = 1 and having a slope corresponding to the first maxinwum
acceleration. The second line 706 may be defined as a line through a point corresponding to
the target velocity 526 and the target time point t = 2 and having a slope corresponding to the
second maximum acceleration.

10132] The control system may then determune an integral 720 of the first line 704
between the starting time point £ = 1 and time point 722 comesponding to the mtersection
point 712, as shown i Figure 7B. Specifically, the shaded arca 720 may represent the
mtegral of line 704 between time point t = 1 and time point 722. Additionally, control svstem
may determing an integral 724 of the second lme 706 between the time point 722
corresponding to the tntersection point 712 and the target time point t = 2.

[0133] The target position may then be determined by the control system based on the
sum of the determimed mntegral 720 of the first hine 704 and the determined mtegral 724 of the
second line 706. Specifically the target position may be determined by adding integral 72
and integral 724 to a current position of the motor. This target position may then be
commanded to the position-controlied motor controller,

[64134] The process may be repeated for all points along commanded velocity profile 500.
This may result in the motor tracking the commanded velocity profile 500 as illustrated in
Figure 7C by the actual motor velocity profile 726, The time interval between consecutive
time steps t = 0 to t = 21 may be reduced or munimized such that mstantancous deviations of
the actual motor velocity 726 from the commanded velocity 560 may be small or negligible
{e.g.. the deviations mught not affect the performance of the vehicle driven by the motor).

{0135] When the motor is not operating under load and/or is not cxperiencing
disturbances, the average acceleration within a charactenistic time interval may be within +/-
1% of the desired aceeleration dictated by the commanded velocity profile 500 over the
characteristic ume interval. In other words, the motor may, at ¢ach of the consecutive time
steps t = 0 to t = 21, reach an actual velocity within +/- 1% of the target velocity dictated by
commanded velocity profile 500, When the motor is operating under load and/or is

experiencing disturbances, the average acceleration within a characteristic time interval may
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be within +/- 10% of the desired acceleration dictated by the commanded velocity profile 500
over the characteristic time mnterval. The difference between the actual and desired
acceleration may vary in proportion to the load or disturbance applied to the motor {e.g.,
motor response may be slower due to greater load inertia). This difference mav be caused by
the mherent propertics of the feedback loops within the position-controlled motor controller
{e.g.. the feedback loop might not be able to perfoctly predict and adapt to varving motor
loads).

[4136] Figare 70 illustrates a comparison between the actual velocity profile 522
produced by the embodiment of Figures SA - 5C and the actual velocity profile 726 produced
bv the embodiment of Figures 7A - 7D. Notably, it can be scen from Figure 7D that actual
motor velocity profile 726 tracks the commanded velocity profile 500 more accurately than
actual motor velocity profile 522, Specifically, in contrast to actual motor velocity profile
522, actual motor velocity profile 726 actually achieves the target velocity at most time
points O - 21 along commanded velocity profile 500, The accuracy of tracking the
commanded velocity profile 500 may be quantified by, for example, computing the root mean
square error between the commanded velocity profife 500 and each of the actual motor
velocity profile 522 and 726.

{8137} In some examples, when an acceleration along a portion of the commanded
velocity profile 500 1s greater than the first maximum acccleration or the second maximum
acceleration, the position-controled motor controller might not be able to reach the target
velocity. For example, the acceleration between time point t = 15 and t = 16 may be greater
than the second maximum acceleration in the second direction. Thus, although the motor may
be driven with the second maximum acceleration during the entire time interval between time
points t = 15 and t = 16, the target velocity at time t = 16 might not be reached.

[8138] In some mstances, the charactenistic acceleration profile of the position-controlied
motor controlier may be modifiable by, for example, nstructions from the control system.
Accordingly, when the control systems detects portions along commanded velocity profile
500 that require acceleration that exceeds the first maximum acceleration or the second
maximum acceleration, the control system may determine a second characternistic acceleration
profile for the position-controlled motor controller. The second charactenistic aceeleration
profile may permit higher accelerations sufficient to meet anv accelerations indicated by the
commanded velocity profile. The confrol system mayv then provide instructions to the
position-controlled motor controller to configure the position-controlled motor controlier to

drive the motor to commanded positions with the second characteristic acceleration profile.
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Once any high-acecleration portions of the commanded velocity profile 500 have been
traversed, the control system may command the position-controlled motor controller to return
to operating with the origimal characteristic acceleration protile.

{0139] Further, when the commanded velocity profile 500 indicates to operate the motor
n reverse, with a negative velocity, the operations described above for determining the target
posiion may be modified to account for the negative velocity. The resolt of backwards
operation of the motor is ilustrated along time points t= 17,1 = 1§, and t = 19 in Figures 7C
and 7D. For example, the first maximum acceleration i the first dircction may be a
maxtmum positive acceleration. The second maximum acceleration m the second direction
may be a maxunum negative acceleration.

[8140] When the target velocity 1s positive, the control system may determune an
mtersection point between (1) a first line through a point corresponding to the starting velocity
and the starting time point, the first line baving a slope corresponding to the positive
acceleration and (11} a second line through a point corresponding to the target velocity and the
target time point, the second line having a slope corresponding to the negative acceleration.
Integrals of the lines may then be taken, as described with respect to Figures 7A and 7B, to
determine the target position that is predicted to produce the target velocity,

[8141] In contrast, when the target velocity is negative, the control system may deternune
an intersection point between (1) a first line through a point corresponding to the starting
velocity and the starting time point, the first line having a slope corresponding to the negative
acceleration and (11} a second line through a point corresponding to the target velocity and the
target time point, the second line having a slope corresponding to the positive acceleration.
Integrals of the lines may then be taken, as described with respect to Figures 7A and 78, to
determine the target position that is predicted to produce the target velocity,

[8142] More generally, these operations may be described as follows. A time point may
be deternuned at which to reach the target velocity. A first time interval may be determined
during which the motor controller i1s predicted to drve the motor with the first maximum
acccleration o the first direction. A second time interval may be determined during which the
motor controller 1s predicted to dnve the motor with the second maximum acceleration in the
second direction. Briving the motor with the first acceleration in the first direction during the
first time interval and driving the motor with the second acceleration in the second direction
during the second time mterval may be predicted to cause the motor to reach the target

velocity at the determined time point.
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[4143] The target position that i1s predicted to cause the motor controller to drive the
motor with the target velocity may be determined by determining a first double integral of the
first maximum acceleration over the first ime interval. A second double integral may be
determined of the second maximum acceleration over the second time interval. Finally, the
target position may be determined based on the sem of the first double integral and the
second double integral.

{0144] Determining the target position may further imvolve determining the length of the
first interval and the second interval. Specifically, the length of the mtervals may be based on
a determined intersection point between a first line and a second hine. The second line may be
a lime through a point corresponding to the target velocity and the target time point. The
second ling may have a slope corresponding to an acceleration that brings the velocity {o
zero. The acceleration may be one of the first maximum acceleration in the first direction or
the second maximum acceleration in the second direction.

[0145] For example, as illustrated in Figure 7A, line 700 mayv represent a positive
acceleration vector (e.g., line 700 points north-east) and line 702 may represent a negative
acceleration vector {e.g., line 702 points south-cast). When line 702 ts drawn through point
524, line 702 represents a negative acecleration that works to bring the motor velocity to zero
(e.g., line 702 pomnts toward the horizonmtal axis). In contrast, if line 700 were to be
horizontally shifted and drawn through pomt 524, line 700 would represent a positive
acceleration that would work to further increase the motor velocity {e.g., Hne 700 points away
from the honzontal axis). Thus, in the instance illustrated in Figure 7A, the second line
through point 524 corresponding to the target velocity and the target time point t = 1 and
having a slope corresponding to a negative acceleration that brings the velocity to zero is hing
702.

[8146] The first lines may be a line through a point corresponding to the starting velocity
and the starting time point and having a slope corresponding to an acceleration with a
direction opposite to that of the acceleration selected for the second line. Thus, in the instance
tHustrated in Figure 7A, the first line through point 708 corresponding to the starting velocity
and the starting time pomnt t = § and having a slope corresponding 1o an acceleration {e.g.,
positive acceleration) with a direction opposite to that of the acceleration selected for the
second ling is line 700. Integrals of the lines may then be taken, as descnibed with respect to
Figures 7A and 7B, to determine the target position that is predicted to produce the target

velocity,
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VIL Example Operations for Velocity Profile Tracking with Velocity Limit

10147} Figure 8A illustrates an example embodiment that considers, when determining
the target posttion, a maximum velocity that the position-controlled motor controller is
configured 1o drive the motor with, The characteristic motion profile with which the position-
controlled motor controller 15 configured to drive the motor may mclude the maximum
velocity. Specifically, position-controlled motor controller mav be configured to drive the
motor with a maximum velocity 800, The position-controlled motor controller may be
configired with maxamum velocity 800 to ensure that the motor is operated within a safe
velocity range. For example, when the motor is configured to drive wheels of a velicle, the
velocity imit may correspond 1o a vehicle speed limut ttended to ensure safe operation of the
vehicle. The velocity speed limit in the forward direction may be the same as or different
from the velocity speed himit in the reverse direction.

{0148} Figure 8A illustrates the same commanded velocity profile 300 as ilustrated in
Figures 7A - 713, As described with respect to Figures 7A - 70, the motor may track the
commanded velocity profile between time points £ = 0 and t = | according to lines 700 and
702. However, during the time interval between time points t = 1 to t = 2, the motor may be
predicted to reach the maximum velocity 800. Thus, instead of being predicted to follow the
velocity mdicated by lines 704 and 706 of Figures 7A and 7B, the motor may be predicted to
follow the velocity ndicated by hines 802, 806, and 310 in Figures 8A and 8B. In cther
words, the position-controlled motor controller may first drive the motor according to hne
802 with the first maximum velocity in the first direction vntil the motor reaches the
maximum velocity. The motor may then be driven at the maximum veloeity according to line
806. Finally, the motor may be driven according to line 810 in the second direction antil the
motor reaches the target velocity,

[8149] In order to drive the motor with the target velocity 526 at time point t = 2 when the
motor is predicted to run into the maximman velocity hmit 800, the control system may
determing a first intersection point 804 between a first line 802 and the maximum velocity
line 800. Adduionally, the control svstem may determine a second intersection point 808
between the maximum velocity line 800 and a second line 810, The first line 802 may be
defined as a line through a point corresponding to the starting velocity 524 and the starting
fime point t = 1 and having a slope corresponding to the first maximum acceleration. The
maximum velocity line 800 may be a horizontal line corresponding to the maximum velocity

hmit of the motor or the position-controlled motor controller. The second hine 810 may be
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defined as a ling through a point corresponding to the target velocity 526 and the target time
point t = 2 and having a slope corresponding to the second maximum acceleration.

{0159] The control system may then determine an integral 812 of the first line 802
between the starting time point t = | and time point 818 corresponding to the imtersection
point 804, as shown in Figure 8B. Specifically, the shaded arca 812 may represent the
mitegral of line 802 between time point t = 1 and time point 318. Additionally, control system
may determine an iotegral 814 of the maximum velocity line 800 between the time point 818
corresponding to the intersection point 804 and time point 820 corresponding to intersection
point 808. Further, control system may determine an integral 816 of the second ling 810
between the tune point 820 corresponding to the intersection point 808 and the target time
pointt=2

[8151] The target position may then be determined by the control system based on the
sum of the determined tegral 812 of the first line 802, the determined integral 814 of the
maximum velocity line 800, and the determuned integral 816 of the second line 810,
Specifically the target position may be determined by adding ntegral 812, micgral 814, and
mtegral 816 to a current position of the motor. This target position may then be commanded
to the position-controlled motor controller and may result 1 the position-controlied motor
controller driving the motor with target velocity 326 at time point t = 2.

{8152] A control system may perform the operations of Figures 8A and 8B as follows.
The control system may determing a target velocity {e.g., velocity 526} and a time point {e.g.,
t = 2} at which to reach the target velocity. The control system mayv then determine a first
time interval during which the motor controller will drive the motor with the first maximum
acceleration in the first dircction {e.g., time interval between t = | and time point 818}
Additionally, the countrol system may determine a second iime interval during which the
motor controfler will drive the motor with the maximum velocity in the first direction {e.g.,
time interval between 818 and 820). Further, the control syvstem may determine a third time
mterval during which the motor controlier will drive the motor with the second maximum
acceleration in the second direction {¢.g., mterval between 820 and t = 2). Yot further, the
control system may determine a first double integral of the first maximum acceleration over
the first time mterval, an integral of the maxamum velocity over the second time interval, and
a second double integral of the second maximum acceleration over the third time interval.
Finally, the control system may determine the target position based on the sum of the
determined first double integral, the determined integral of the maximum velocity, and the

determined second double integral.
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{8153] The embodiments described with respect to Figures 6, 7A - 7D, and 8A - 8B
might not be himited to using only the first maximom aceeleration in the first direction and
the second maximum in the second direction. The respective embodunents may determine the
target positions that are predicted to produce the target velocitics based on charactenistic
acceleration profiles that may include, in addition to the first maximum acceleration in the
first direction and the second maximum in the second direction, acceleration profiles with
which the position-controlled motor controller transitions between (i) zero acceleration and
the first masamum acceleration, and vice versa, (1) the first maximum acceleration o the
second maximum acceleration, and vice versa, and (in) the second acceleration to zero
acceleration, and vice versa. For example, when transitioning from zero acceleration to the
first maximum acceleration in the first direction, the acceleration profile mav mvolve a
gradual, linear increase of acceleration from zero to the first maximum acceleration. This
gradual increase in acceleration may reduce or minimize motor jerk, thus resuliing in a
smooth velocity trajectory.

[8154] Specifically, i one embodiment, the characteristic acceleration profile may
comprise, 1 addition to the first maximum acceleration and the second maximum
acceleration, (1) a first transition profile between zero acceleration and the first maximum
acceleration and (i1) a second transition profile between the first maximum acceleration and
the second maximum acceleration. A first time interval may be determined during which the
motor controller is predicted to drive the motor with the first maximum acceleration in the
first direction. A second time unterval may be determined during which the motor controlier
is predicted to drive the motor with the second maxinnim acecleration in the first direction. A
third time interval may be determined during which the motor controller is predicted to drive
the motor according to the first transition profile. A fourth time mterval may be determined
during which the motor controller 1s predicted to dnve the motor according to the second
transition profile.

{0155] Additionally, a first double integral mav be determined of the first maximum
acceleration over the furst ime interval. A sccond double integral may be determined of the
second maximum acceleration over the second time inferval. A third double ntegral may be
determined of the first transition profile over the third time interval. A fourth double integral
may be determined of the second transttion profile over the fourth time interval. The target
position may be determined based on the sum of (1) the first double integral, (11} the second

double integral, (111} the third double mntegral, and (v} the fourth double mntegral.
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{8136] However, for simplicity, the embodiments of Figures 6, 7A - 7D, and 8A - 8B
tHustrate the target position determination process with the assumption that the position-
controlled motor controller drives the motor with either the first maximum acceleration in the
first divection or the second maximum n the second direction {¢.g., both accelerations may be
present within each charactenistic time mterval}. However, the 1deas illustrated with respect to
Figures 6, 7TA - 7D, and 8A - 8B are equally applicable to other hinear and nonlinear
acccleration profiles that may inciude the transition acccleration profiles described above.
Specifically, the systems and operations herein described may determine the acecleration
profile with which the position-controlied motor controller is predicted to dnve the moior.
The determined acceleration profile and/or sections thercof mayv be integrated as hercin
described to determing target positions that, when commanded to the position-controlied
motor controller, are predicted to cause the motor controller to drive the motor with the target
velocity at a target time point.

VI Conclusion

[3157] The embodiment described with respect to Figures SA - 53C involves driving the
motor with either the first maximum acceleration in the first direction or the second
maximum acccleration in the second direction during cach characteristic time iterval
between time steps O - 21, In contrast, the embodiments described with respect to Figures 6,
TA - 7D, and 8A - 8B include operations that may utilize, the first maximum acceleration in
the first direction, the second maximum acceleration in the second direction, as well as any
transition accelerations during cach time uxierval between time steps 0 - 21 In other words,
while the embodiment of Figures 5A - 5C selects, within each time mterval, one acceleration
that best approximates the target velocity, the embodiments of Figures 6, 7A - 7D, and BA -
8B may combine, within cach time interval, multiple acecleration profiles to reach, with
higher certainty, the target velocity at each of the time pomnts 0 - 21. Thus, the embodiments
of Figures 6, 7TA - 7D, and 8A - 8B may be more accurate at tracking the commanded
velocity profile 500.

{3158] The present disclosure 1s not to be himited in torms of the embodiments described
m this application, which are intended as iHlustrations of various aspects. Many modifications
and variations can be made without departing from its spirit and scope, as will be apparent to
those skilled 1n the art. Functionally equivalent methods and apparatuses within the scope of
the disclosure, in addition to those enumerated herein, will be apparent to those skilled in the
art from the foregoing descriptions. Such modifications and vartations are intended to fall

within the scope of the appended claims.
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[3139] The above detailed description describes vartous features and functions of the
disclosed systems, devices, and methods with reference to the accompanying figures. In the
figures, similar symbols typically identify similar components, unless comtext dictates
otherwise. The example embodiments described herein and in the figures are not meant to be
Iimiting. Other embodiments can be utilized, and other changes can be made, without
departing from the spirit or scope of the subject matter presented herein. It will be readily
understood that the aspects of the present disclosure, as generally described herein, and
tHustrated in the figures, can be arranged, substitated, combined, separated, and designed n a
wide variety of different configurations, all of which are explicitly contemplated herein.

[0160] A block that represents a processing of information may correspond to circuitry
that can be configured to perform the specific logical functions of a herein-described method
or technique. Alternatively or additionally, a block that represents a processing of information
may correspond to a module, a segment, or a portion of program code {(inchuding related
data). The program code may include one or more instructions executable by a processor for
mplementing specific logical functions or actions in the method or technique. The program
code and/or related data may be stored on any type of computer readable medium such as a
storage device including a disk or hard drive or other storage mediun

[8161] The computer readable medium may also include non-transitory computer
readable media such as computer-readable media that stores data for short periods of time
like register memory, processor cache, and random access memory (RAM). The computer
readable media mayv also include non-transitory computer readable media that stores program
code and/or data for longer periods of time, such as secondary or persistent long term storage,
kke read only memory (ROM), optical or magnetic disks, compact-disc read only memory
{CD-ROM), for example. The computer readable media may alsc be any other volatile or
non-volatile storage systems. A computer readable medium may be considered a computer
readable storage medim, for example, or a tangible storage device.

{8162} Morcover, a block that represents ong or more information transmissions may
correspond to information transmissions between software and/or hardware modulcs in the
same physical device. However, other information transmussions mayv be between software
modules and/or hardware modules in different physical devices,

13163] The arrangements shown in the figures should not be viewed as limiting. It should
be understood that other embodiments can include more or less of cach clement shown in a
given figure. Further, some of the illustrated clements can be combined or omitted. Yet

further, an example embodiment can inchide clements that are not itustrated 1o the figures.
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[#164] While various aspects and embodiments have been disclosed herein, other aspects
and embodiments will be apparent to those skilled m the art. The varicus aspects and
embodiments disclosed herein are for purposes of illustration and are not intended to be

bmiting, with the true scope being indicated by the tollowing claims.
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CLAIMS

What is claimed 1s:

1 A method, comprising;

determining a target velocity for a motor, wherein a position-controfled motor
controller is configured to drive the motor to a commanded position with a characteristic
acceleration profile;

determining a target position that, when commanded to the motor controller, is
predicted to cause the motor controlier to drive the motor with the target velocity at a target
time point by drving the motor with the characteristic acceleration profile; and

providing an instruction for execution by the position-controlled motor controller, the
mstruction configured to cause the position-controlled motor controller 1o drive the motor to

the target position.

2. The method of claim 1, wherein determining the target position comprises:
determining an expected velocity profile that the motor is predicted to follow based
on the characteristic acceleration profile of the position-controlled motor controller;
determining an mtegral of the expected velocity profile; and
determining the target position based on (1} the determined integral and (11} a current

position of the motor.

)

The method of claim 1, wherein the characteristic acceleration profile comprises:
a first maximom acceleration in a firgt direction; and

a second maximum acceleration in a second direction opposite to the first direction.

4 The method of claim 3, wherein determining the target position comprises:

determining the target time point at which to reach the target velocity;

determining a first time interval during which the motor controller is predicted to
drive the motor with the first maximum acceleration in the first direction; and

determining a second time interval during which the motor controller 1s predicted to
drive the motor with the second maximum acceleration in the second direction, wherein (1)
driving the motor with the first acceleration in the first direction during the first time interval

and (i) driving the motor with the second acceleration in the second direction during the
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second time interval is predicted to cause the motor to reach the target velocity at the target

fime point.

5. The method of claim 4, wherein determining the target position comprises:

determming a first double ntegral of the first maximum acceleration over the first
time mterval;

determining a second double integral of the second maximum acceleration over the
second fime interval; and

determining the target position based on the sum of (i} the first double integral and (1)

the second double integral.

6. The method of claim 3, wherein determining the target position comprises:

determining a starting velocity of the motor, wherein the starting velocity corresponds
to a starting time point;

deternining a target time point at which to reach the target velocity;

determining an  uterscction point between (1) a first line through a point
corresponding 1o the starting velocity and the starting time point, the first line having a slope
corresponding to the first maximum acceleration and (1) a second hine through a poimnt
corresponding to the target velocity and the target time pomt, the sccond hine having a siope
corresponding to the second maximum acceleration;

determming an integral of the first line between the starting time point and a time
point corresponding to the intersection point;

determining an integral of the sccond line between the time point corresponding to the
mtersection point and the target time pomt; and
determining the target position based on the sum of the mtegral of the first line and

the integral of the second line.

7. The method of claim 3, whercin the characteristic acceleration profile additionally
comprises (1) a first transifion profile between zero acceleration and the first maximum
acceleration and (11} a second transition profile between the first maximum acceleration and
the second maximom acceleration, wherein determining the target position comprises:
determining a first time imterval duning which the motor controlier is predicied to

drive the motor with the first maxunum acceleration n the first direction;
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determining a second time miterval during which the motor controller 1s predicted to
drive the motor with the second maximum acceleration in the first direction;

determining a third time interval during which the motor controller is predicted to
drive the motor according to the first transition profile;

determining a fourth time interval during which the motor controller 18 predicted to
drive the motor according to the second transition profile;

determining a first double imtegral of the first maximum acceleration over the first
time wterval;

determining a second double integral of the second maximum acceleration over the
second time interval;

determming a third double integral of the first fransition profile over the third time
mterval;

determining a fourth double integral of the second transition profile over the fourth
time interval;

determining the target position based on the sum of (1} the first double integral, (i1) the

second double ntegral, (1n) the third double integral, and (1v) the fourth double integral.

8. A non-transitory computer readable storage medimim  having stored thercon
mstructions that, when executed by a computing device, cause the computing device to
perform operation comprising;

determuning a target velocity for a motor, whergein a position-controlled motor
controller is configured to drive the motor to a2 commanded posttion with a characteristic
acceleration profile;

determining a target position that, when commanded to the motor controller, is
predicted to cause the motor controller to drive the motor with the target velocity at a target
time point by driving the motor with the characteristic acceleration profile; and

providing an instruction for execution by the position-controlled motor controller, the
mstruction configured to cause the position-controlled motor controller to drive the motor to

the target position.

9. A systom comprising:
a motor;
a position-controlled motor controller configured to drve the motor to a commanded

position with a characteristic acccleration profile; and
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a control system configured to:

determine a target velocity for the motor;

deternuine a target position that, when commanded to the motor controller, is
predicied to cause the motor controller to drive the motor with the target velocity at a
target time point by driving the motor with the charactenistic acceleration profile; and

provide an instruction for execution by the position-controlied motor
controller, the instruction configured to cause the position-controlled motor controller

to drive the motor to the target position.

10. The system of claim 9, wherein the control system is configured to determine the
target position by:

determining an expected velocity profile that the motor 13 predicied to follow based
on the characteristic acceleration profile of the position-controlled motor controller;

deternmuning an mntegral of the expected velocity profile; and

determining the target position based on (i) the determined integral and (11) a current

position of the motor,

11 The system of claim 9, wherein the characteristic acceleration profile comprises:
a first maxamum acoeleration 1n a first direction; and

a second maximum acceleration i a second direction opposite to the first direction.

12. The system of claim 11, wherein the conirol system is configured o determine the
target position by:

deternmuning the target time point at which to reach the target velocity;

determining a first time interval during which the motor controller is predicted to
drive the motor with the first maxumum acceleration in the furst divection; and

determining a second time mterval during which the motor controller is predicted to
drive the motor with the second maximum acceleration in the second direction, wherein (i)
driving the motor with the first acceleration m the first direction during the first time interval
and {1t} driving the motor with the second acceleration in the second direction during the
second time mterval is predicted to cause the motor to reach the target velocity at the target

fime point.
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13. The system of claim 12, wherein the control system is configured to determine the
target position by:

determining a first double integral of the first maximum acceleration over the first
time mterval;

determining a second double integral of the second maximum acceleration over the
second time interval; and

determining the target position based on the sum of (i} the first double integral and (1t}

the second double integral.

14 The system of claim 11, wherein the control system is configured to determine the
target position by:

determining a starting velocity of the motor, wherein the starting velocity corresponds
to a starting time point;

deternmuning the target time point at which to reach the target velocity;

determining an  uterscction point between (1) a first line through a point
corresponding 1o the starting velocity and the starting time point, the first line having a slope
corresponding to the first maximum acceleration and (1) a second hine through a poimnt
corresponding to the target velocity and the target tume pomt, the second line having a siope
corresponding to the second maximum acceleration;

determining an mtegral of the first hine between (1) the starting time point and (11} a
time point corresponding to the intersection point;

determining an vdegral of the sccond ling between (i) the time point corresponding to
the mtersection point and (11} the target time point; and

determining the target position based on the sum of (1) the determined integral of the
first line and (i1} the determined integral of the second line.
15 The system of claim 9, wherein the control svstem 15 configured to determine the
target velocity for the motor by

receiving a velocity profile;

discretizing the velocity profile into a plurality of discrete velocity points
corresponding to a plurality of time points, wherein the plurality of time points arc based on
a frequency with which the control system is configured to communicate with the position-

controlled motor controller; and
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selecting as the target velocity a first velocity pomt of the phirahity of discrete velocity
points, wheren the first velocity point corresponds to a smallest time point of the plurality of

time points.

16. The system of claim 15, wherein the conirol system is configured to determine the
target velocity for the motor by:

pericdically updating (i) the target velocity with consecutive velocity points of the
plurality of discrete velocity points and (i1) the target time point with consecutive time points
of the plurality of time pomnts, wherein the consecutive velocity pomts correspond to the
consecutive ime points following the smallest time point corresponding to the first velocity

point.

17, The system of claim 9, wherein the motor 1s a first motor contigured to rotate a wheel
of a vehicle about a drive axis of the wheel, wherein the position-controlled motor controller
1s a first position-controlied motor controller configured to drive the first motor to the
commanded position with a first characteristic acceleration profile, and whercin the target
velocity 1s a first target velocity, the sysiem further comprising:
a sccond motor configured to rotate the wheel of the vehicle about a steering axus of
the wheel of the vehicle to control a direction of travel of the vehicle; and
a second position-controlled motor controlier configured to drive the second motor to
a commanded position with a second characteristic acceleration profile, wherein the control
system 18 further configured to coordinate velocities of the first motor and the second motor
to cause the vehicle to follow a path through an covironment by:
determiming a second target velocity for the second motor i coordination with
the determined first target velocity for the first motor;
determining a second target position that, when commanded to the second
motor controller, 15 predicted to cause the second motor controller to drive the second
motor with the second target velocity at the target time point by driving the second
motor with the second characteristic acceleration profile; and
providing an additional instruction for cxecution by the second position-
controlled motor controlier, the additional mstruction configured to cause the second
position-controfled motor controller to drive the sccond motor to the second target

position.
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8. The system of claim 9, wherein:

the position-controled motor controller comprises a feedback loop operating at a first
frequency; and

the control system is configured to provide mstructions to the position-controlied

motor controller at a second frequency lower than the first frequency.

19, The system of claim 9, wherein the charactenstic acceleration profile of the position-
controlled motor controller is modifiable, wherein the characteristic acceleration profile is a
first characteristic acceleration profile, and wherein the control svstem is further configured
to!

determing that an acceleration between a current motor velocity and the target motor
velocity exceeds a maximum acceleration of the first characteristic acceleration profile;

determine a second characteristic acceleration profile having a maximum acceleration
greater than the maximum acceleration of the first characteristic acceleration profile; and

provide instructions to the position-controlled motor controlier to configure the
position-controlled motor controller to drive the motor to the commanded position with the

second characteristic acceleration profile.

20, The system of claim 9, wherein the position-controlied motor controller is configured
to drive the motor with a maximum velocity, wherein the target velocity for the motor is
greater than the maxumum velocity, and wherein the control system is further configured to
determine the target position that causes the motor controller to drive the motor with the
target velocity by

determining the target time point at which to reach the target velocity;

determining a first time interval during which the motor controller is predicted to
drive the motor with the first maximum acceleration m the first direction;

determining a second time interval during which the motor controller 1s predicted to
drive the motor with the maximum velocity n the first direction;

determining a third time mterval during which the motor controller is predicted to
drive the motor with the second maximum acceleration in the second direction;

determining a first double imtegral of the first maximum acceleration over the first
time mterval;

determining an mtegral of the maximuim velocity over the second time interval;
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determining a sccond double integral of the second maximum acceleration over the
third time interval; and

determining the target position based on the sum of (i) the determined first double
miegral, (11} the deternuned integral of the maximum velocity, and (111) the determined second

double integral.
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DETERMINE A TARGET VELOCITY FOR A MOTOR, WHEREIN A 602
POSITION-CONTROLLED MOTOR CONTROLLER IS CONFIGURED _/
TO DRIVE THE MOTOR TO A COMMANDED POSITION WITH A
CHARACTERISTIC ACCELERATION PROFILE

DETERMINE A TARGET POSITION THAT, WHEN COMMANDED TO 604
THE MOTOR CONTROLLER, IS PREDICTED TO CAUSE THE
MOTOR CONTROLLER TO DRIVE THE MOTOR WITH THE TARGET _/
VELOCITY AT A TARGET TIME POINT BY DRIVING THE MOTOR
WITH THE CHARACTERISTIC ACCELERATION PROFILE

PROVIDE AN INSTRUCTION FOR EXECUTION BY THE POSITION- 606
CONTROLLED MOTOR CONTROLLER, THE INSTRUCTION
CONFIGURED TO CAUSE THE POSITION-CONTROLLED MOTOR
CONTROLLER TO DRIVE THE MOTOR TO THE TARGET POSITION

Figure 6
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