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APPARATUS AND METHODS FOR CONTROL OF A
VEHICLE

Field of the Invention

[0001] The present invention pertains to control of electric vehicles, and in

particular, controlling electric vehicle motion.

Background of the Invention

[0002] A wide range of vehicles and methods are known for transporting
human subjects. Typically, such vehicles rely upon static stability and are designed
for stability under all foreseen conditions of placement of their ground-contacting
members with an underlying surface. For example, a gravity vector acting on the
center of gravity of an automobile passes between the points of ground contact of the
automobile's wheels and the suspension of the automobile keeps all wheels on the
ground at all times making the automobile stable. Although, there are conditions
(e.g., increase or decrease in speed, sharp turns and steep slopes) which cause
otherwise stable vehicles to become unstable.

[0003] A dynamically stabilized vehicle, also known as a balancing vehicle, is
a type of vehicle that has a control system that actively maintains the stability of the
vehicle while the vehicle is operating. In a vehicle that has only two laterally-
disposed wheels, for example, the control system maintains the fore-aft stability of the
vehicle by continuously sensing the orientation of the vehicle, determining the
corrective action necessary to maintain stability, and commanding the wheel motors
to make the corrective action. If the vehicle losses the ability to maintain stability,
such as through the failure of a component or a lack of sufficient power, the human
subject can experience a sudden loss of balance.

[0004] For vehicles that maintain a stable footprint, coupling between steering
control and control of the forward motion of the vehicles is less of a concern. Under
typical road conditions, stability is maintained by virtue of the wheels being in contact
with the ground throughout the course of a turn. In a balancing vehicle with two
laterally disposed wheels, however, any torque applied to one or more wheels affects

the stability of the vehicle.
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Summary of the Invention
[0005] The invention, in one aspect, features a method for controlling speed of

a vehicle, the vehicle including a support, at least one wheel, a platform coupled to the
at least one wheel, a coupling structure having a support portion coupled to the
support and a platform portion coupled to the platform that allows the support portion
to move or slide fore and aft with respect to the platform portion, an actuator coupled
to the coupling structure to control the position of the support portion relative to the
platform portion, a drive coupled to the at least one wheel to deliver power to the at
least one wheel to propel the vehicle and maintain the platform at a desired
orientation, and a controller coupled to the drive to control the drive and coupled to
the actuator to control the actuator. The method includes determining position of the
coupling structure support portion relative to the position of the coupling assembly
platform portion and controlling torque applied by the at least one wheel to an
underlying surface by commanding the coupling structure to vary the position of the
support portion relative to the platform portion while maintaining the platform at the
desired orientation.

[0006] In some embodiments, the method includes specifying a specific
position of the support portion relative to the platform portion to control the torque
applied by the at least one wheel to the underlying surface to achieve a desired speed
for the vehicle. In some embodiments, the specific position is determined based on
the vehicle operating mode. In some embodiments, the method includes receiving a
vehicle speed command value from a user or controller and varying the position of the
support portion relative to the platform portion to control the torque applied by the at
least one wheel to the underlying surface to achieve the vehicle speed command
value.

[0007] In some embodiments, the method includes receiving speed feedback
signals from the at least one wheel, coupling structure speed, or both to command the
coupling structure to vary the position of the support portion relative to the platform
portion to control the torque applied by the at least one wheel to the underlying
surface to control the speed of the vehicle. In some embodiments, the controller
comprises a speed limiter module configured to constrain the size of a speed
command signal to constrain the torque applied by the at least one wheel to the

underlying surface to constrain the speed of the vehicle over a period of time in
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response to varying the position of the support portion relative to the platform portion
over the period of time. In some embodiments, the coupling structure is a slide
assembly, the support portion is a rail, and the platform portion is a rail guide. In
some embodiments, the coupling structure is a four bar linkage.

[0008] The invention, in another aspect, features a vehicle that includes a
support, at least one wheel and a platform coupled to the at least one wheel. The
vehicle also includes a coupling structure having a support portion coupled to the
support and a platform portion coupled to the platform that allows the support portion
to move or slide fore and aft with respect to the platform portion. The vehicle also
includes an actuator coupled to the coupling structure to control the position of the
support portion relative to the platform portion, The vehicle also includes a drive
coupled to the at least one wheel to deliver power to the at least one wheel to propel
the vehicle and maintain the platform at a desired orientation. The vehicle also
includes a controller coupled to the drive to control the drive and coupled to the
actuator to control the actuator, wherein torque applied by the at least one wheel to an
underlying surface vehicle is controlled by commanding the coupling structure to vary
position of the support portion relative to the platform portion while maintaining the
platform at the desired orientation.

[0009] In some embodiments, the controller is configured to command a
specific position of the support portion relative to the platform portion to control the
torque applied by the at least one wheel to the underlying surface to achieve a desired
speed for the vehicle. In some embodiments, the vehicle includes an input device for
receiving a vehicle speed command value from a user or controller and varying the
position of the support portion relative to the platform portion to control the torque
applied by the at least one wheel to the underlying surface to achieve the vehicle
speed command value.

[0010] In some embodiments, the vehicle includes a wheel speed sensor and a
coupling structure speed sensor to provide signals to the controller to command the
coupling structure to vary the position of the support portion relative to the platform
portion to control the torque applied by the at least one wheel to the underlying
surface to control the speed of the vehicle. In some embodiments, the vehicle
includes a speed limiter module configured to command the controller to constrain the

size of a speed command signal to constrain the torque applied by the at least one



WO 2011/106772 PCT/US2011/026472

wheel to the underlying surface to constrain the speed of the vehicle over a period of
time in response to varying the position of the support portion relative to the platform
portion over the period of time. In some embodiments, the coupling structure is a
slide assembly, the support portion is a rail, and the platform portion is a rail guide.
In some embodiments, the coupling structure is a four bar linkage.

[0011] The invention, in another aspect, features a method for maintaining a
balancing margin for a dynamically-balancing vehicle. The vehicle includes a
support, at least one wheel, a platform coupled to the at least one wheel, a coupling
structure having a support portion coupled to the support and a platform portion
coupled to the platform that allows the support portion to move or slide fore and aft
with respect to the platform portion, an actuator coupled to the coupling structure to
control the position of the support portion relative to the platform portion, a drive
coupled to the at least one wheel to dynamically balance the vehicle and provide
power to the at least one wheel to propel the vehicle, and a controller coupled to the
drive to control the drive and coupled to the actuator to control the actuator. The
method includes determining present operating wheel torque for the vehicle,
determining present wheel torque capability of the vehicle, and controlling the
coupling structure to control the position of the support portion relative to the
platform portion based on the present operating wheel torque and the present wheel
torque capability to maintain propulsion capability margins required for balancing the
vehicle.

[0012] In some embodiments, the method includes enabling the coupling
structure to only command positions that maintain balance of the vehicle. In some
embodiments, the coupling structure is enabled to only command positions where the
sum of the present operating wheel torque and torque required for balancing the
vehicle demands a motor current level which is below estimated available drive motor
current of a power source used to power operation of the vehicle. In some
embodiments, the method includes controlling the speed of the vehicle based on
commanded, measured or estimated fore/aft torque, yaw torque, or both. In some
embodiments, the coupling structure is a slide assembly, the support portion is a rail,
and the platform portion is a rail guide. In some embodiments, the coupling structure

is a four bar linkage.
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[0013] The invention, in another aspect, features a dynamically-balancing
vehicle that includes a support, at least one wheel and a platform coupled to the at
least one wheel. The vehicle also includes a coupling structure having a support
portion coupled to the support and a platform portion coupled to the platform that
allows the support portion to move or slide fore and aft with respect to the platform
portion and an actuator coupled to the coupling structure to control the position of the
support portion relative to the platform portion. The vehicle also includes a drive
coupled to the at least one wheel to dynamically balance the vehicle and provide
power to the at least one wheel to propel the vehicle. The vehicle also includes a
controller coupled to the drive to control the drive and coupled to the actuator to
control the actuator, wherein speed of the vehicle is controlled by commanding the
coupling structure to control the position of the support portion relative to the
platform portion based on present operating wheel torque for the vehicle and present
wheel torque capability to maintain propulsion capability margins required for
balancing the vehicle.

[0014] In some embodiments, the vehicle includes a position sensor to
determine actual position of the support portion relative to the platform portion,
wherein the controller compares position commands to the actual position and outputs
actuator commands based on the comparison. In some embodiments, the vehicle
includes an effort limiter module coupled to the controller to enable the coupling
structure to only command positions that maintain balance of the vehicle. In some
embodiments, the effort limiter is configured to only enable the coupling structure to
command positions where the sum of the present operating wheel torque and the
torque required for balancing the vehicle demands a motor current level which is
below estimated available drive motor current of a power source used to power
operation of the vehicle.

[0015] In some embodiments, the vehicle includes a user input for
commanding fore/aft speed, yaw rate, or both, of the vehicle and the controller is
configured to control the speed of the vehicle based on the commanded, measured or
estimated fore/aft torque, yaw torque, or both. In some embodiments, the coupling
structure is a slide assembly, the support portion is a rail, and the platform portion is a

rail guide. In some embodiments, the coupling structure is a four bar linkage.



WO 2011/106772 PCT/US2011/026472

[0016] The invention, in another aspect, features a method for balancing a
dynamically-balancing vehicle. The vehicle includes a support, at least one ground-
contacting element, a platform coupled to the at least one ground-contacting element,
a coupling structure having a support portion coupled to the support and a platform
portion coupled to the platform that allows the support portion to move or slide fore
and aft with respect to the platform portion, an actuator coupled to the coupling
structure to control the position of the support portion relative to the platform portion,
a drive coupled to the at least one ground-contacting element to dynamically balance
the vehicle and deliver power to the at least one ground-contacting element to propel
the vehicle, and a controller coupled to the drive to command the drive and coupled to
the actuator to control the actuator. The method includes determining position of the
coupling structure support portion relative to the coupling structure platform portion
and controlling position of the coupling structure support portion relative to the
coupling structure platform portion to move position of the vehicle center of gravity
while dynamically balancing the vehicle.

[0017] In some embodiments, the method includes moving the support portion
relative to the platform portion to dynamically balance the vehicle while the vehicle is
at a commanded rest position relative to an underlying surface and the support is at
least substantially level. In some embodiments, the method includes varying position
of the support portion relative to the platform portion in response to a change in the
position of the vehicle center of gravity. In some embodiments, the step of
controlling position of the support portion relative to the platform portion is
performed in response to vehicle fore/aft speed commands, yaw rate commands, or
both, satisfying one or more predetermined conditions.

[0018] In some embodiments, the step of controlling position of the support
portion relative to the platform portion is performed when the vehicle is operating in a
predetermined mode of operation. In some embodiments, the method includes
disabling the step of controlling position during vehicle takeoff and landing modes.
[0019] In some embodiments, the method includes enabling the step of
controlling position after the vehicle enters a balancing mode from the takeoff mode.
In some embodiments, the coupling structure is a slide assembly, the support portion
is a rail, and the platform portion is a rail guide. In some embodiments, the coupling

structure is a four bar linkage.
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[0020] The invention, in another aspect, features a dynamically-balancing
vehicle that includes a support, at least one ground-contacting element, and a platform
coupled to the at least one ground-contacting eclement. The vehicle also includes a
coupling structure having a support portion coupled to the support and a platform
portion coupled to the platform that allows the support portion to move or slide fore
and aft with respect to the platform portion. The vehicle also includes an actuator
coupled to the coupling structure to control the position of the support portion relative
to the platform portion and a drive coupled to the at least one ground-contacting
element to dynamically balance the vehicle and provide power to the at least one
ground-contacting element to propel the vehicle. The vehicle also includes a
controller coupled to the drive to control the drive and coupled to the actuator to
control the actuator, and wherein the controller balances the vehicle by determining
position of the coupling structure support portion relative to the coupling structure
platform portion and controlling position of the coupling structure support portion
relative to the coupling structure platform portion to move position of the vehicle
center of gravity while dynamically balancing the vehicle.

[0021] In some embodiments, the controller is configured to move the support
portion relative to the platform portion to dynamically balance the vehicle while the
vehicle is at a commanded rest position relative to an underlying surface and the
support is at least substantially level. In some embodiments, the controller is
configured to vary position of the support portion relative to the platform portion in
response to a change in the position of the vehicle center of gravity. In some
embodiments, controlling position of the support portion relative to the platform
portion is performed in response to vehicle fore/aft speed commands, yaw rate
commands, or both, satisfying one or more predetermined conditions. In some
embodiments, controlling position of the support portion relative to the platform
portion is performed when the vehicle is operating in a predetermined mode of
operation.

[0022] In some embodiments, the controller is configured to disable the step
of controlling position during vehicle takeoff and landing modes. In some
embodiments, the controller is configured to enable the step of controlling position
after the vehicle enters a balancing mode from the takeoff mode. In some

embodiments, the coupling structure is a slide assembly, the support portion is a rail,
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and the platform portion is a rail guide. In some embodiments, the coupling structure
is a four bar linkage.

[0023] The invention, in another aspect, features a method for determining
motor current capability for a battery powered vehicle. The method includes
estimating a sagged battery voltage for a vehicle battery during operation based on a)
a predetermined maximum expected battery bus current of the vehicle battery during
operation, b) an estimated battery open-circuit voltage, and c) an estimated battery
open-circuit resistance. The method also includes estimating motor current capability
for the battery powered vehicle based on d) operational speed of a motor used to
propel the battery powered vehicle, ¢) back EMF constant of the motor, f) electrical
resistance of the motor windings, g) the sagged battery voltage, h) electrical
inductance of the motor windings, and i) magnetic pole pair count for the motor.
[0024] In some embodiments, the sagged battery voltage for a vehicle battery

during operation is estimated in accordance with:

Vbat _sag =Voc = Ibat _max *Rpat
where Vpgr  sqg 1s the estimated sagged battery voltage, ¥y is estimated battery
open-circuit voltage, Ip,s  man 18 the predetermined maximum expected battery bus

current, and Rp,; is the estimated battery open-circuit resistance.

[0025] In some embodiments, the motor current capability for the battery

powered vehicle is estimated in accordance with:

2
K¢ *|Spd|*Rm0t ""JVbat_SLZg2 *[R}%wt ""(PP*SPd*Lmot)Z}_(Ke *Sde *PP*Lmotj

*

2
Lot (Spd)=—=
mot _max g Ripor +(PP# Spd * Lipot >

where 1ot max 18 the motor current capability, Spd is the operating speed of the

motor, K, is the line-to-line back EMF constant of the motor windings, R, is the

line-to-line resistance of the motor windings, PP is the magnetic pole pair count for

the motor, and Z,,,; is the line-to-line inductance of the motor windings.
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[0026] In some embodiments, the method includes limiting the motor current
capability for the battery powered vehicle based on a current limit of a motor drive for

driving the motor in accordance with:
Tmot _cap (Spd) = min(lmot _lim-Imot _max (Spd ))
where 7,,,; i 1S the current limit of the motor drive.

[0027] In some embodiments, the method includes limiting the value of the
operating speed of the motor used to a maximum no-load speed of the motor based on

Vbat _sag in accordance with:

Vbat _sag . .
Spd NoLoadEst = — where Spd NpJoadEse 18 the maximum no-load
e
speed.
[0028] The invention, in another aspect, features, an apparatus for determining

motor current capability for a battery powered vehicle. The apparatus includes a
measurement module configured to measure operational speed of a motor used to
propel the battery powered vehicle. The apparatus also includes an estimation module
configured to estimate a sagged battery voltage for a vehicle battery during operation
based on: a) a predetermined maximum expected battery bus current, b) an estimated
battery open-circuit voltage, c¢) an estimated battery open-circuit resistance. The
estimation module is also configured to estimate motor current capability for the
battery powered vehicle based on: d) operational speed of a motor used to propel the
battery powered vehicle, ) back EMF constant of the motor, f) electrical resistance of
the motor windings, g) the sagged battery voltage, h) electrical inductance of the
motor windings, and i) magnetic pole pair count for the motor.

[0029] The invention, in another aspect, features a method for estimating an
electrical state of a battery providing power to an electrical load. The method
includes a) acquiring values of the battery voltage and the battery current draw at a
first point in time, b) monitoring battery voltage and battery current draw, and ¢)
acquiring values of the battery voltage and battery current draw at a second point in
time when the change in battery voltage between the first and second points in time is
greater than a predetermined voltage amount and the change in battery current draw

between the first and second points in time is greater than a predetermined current
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amount. The method also includes d) calculating battery resistance based on the
change in battery voltage and battery current draw between the first and second points
in time and e) calculating open-circuit battery voltage based on the calculated battery
resistance, the battery current draw at the second point in time, and the battery voltage
at the second point in time.

[0030] In some embodiments, the method includes repeating step b), f)
acquiring values of the battery voltage and battery current draw at a third point in time
when the change in battery voltage between the second and third points in time is
greater than the predetermined voltage amount and the change in battery current draw
between the second and third points in time is greater than the predetermined current
amount, repeating step d), and repeating step e).

[0031] In some embodiments, the method includes repeating step b) and f)
postponing acquiring values of the battery voltage and battery current draw at a third
point in time until the change in battery voltage between the second and third points
in time is greater than the predetermined voltage amount and the change in battery
current draw between the second and third points in time is greater than the
predetermined current amount.

[0032] In some embodiments, step e) includes determining whether a
presently calculated battery resistance has changed by more than a predetermined
percentage from a previously calculated battery resistance. In some embodiments, the
method includes calculating open-circuit battery voltage based on the calculated
battery resistance if the presently calculated battery resistance has not changed by
more than a predetermined percentage relative to the previously calculated battery
resistance. In some embodiments, the method includes calculating open-circuit
battery voltage based on the previously calculated battery resistance if the presently
calculated battery resistance has changed by more than a predetermined percentage
relative to the previously calculated battery resistance.

[0033] In some embodiments, the method includes suspending steps ¢), d) and
¢) during predetermined operating conditions for a vehicle being power by the battery.
In some embodiments, steps c), d) and ¢) are suspended when the vehicle is
regeneratively braking for a predetermined period of time.

[0034] The invention, in another aspect, features an apparatus for estimating

an electrical state of a battery providing power to an electrical load. The apparatus
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includes a measurement module configured to a) acquire values of the battery voltage
and the battery current draw at a first point in time, b) monitor battery voltage and
battery current draw, and c) acquire values of the battery voltage and battery current
draw at a second point in time when the change in battery voltage between the first
and second points in time is greater than a predetermined voltage amount and the
change in battery current draw between the first and second points in time is greater
than a predetermined current amount. The apparatus also includes an estimation
module configured to d) calculate battery resistance based on the change in battery
voltage and battery current draw between the first and second points in time and e)
calculate open-circuit battery voltage based on the calculated battery resistance, the
battery current draw at the second point in time, and the battery voltage at the second
point in time.

[0035] In some embodiments, the measurement module is configured to repeat
step b), f) acquire values of the battery voltage and battery current draw at a third
point in time when the change in battery voltage between the second and third points
in time is greater than the predetermined voltage amount and the change in battery
current draw between the second and third points in time is greater than the
predetermined current amount, repeat step d); and repeat step e).

[0036] In some embodiments, the measurement module is configured to repeat
step b), and the estimation module is configured to f) postpone acquiring values of the
battery voltage and battery current draw at a third point in time until the change in
battery voltage between the second and third points in time is greater than the
predetermined voltage amount and the change in battery current draw between the
second and third points in time is greater than the predetermined current amount.
[0037] In some embodiments, the measurement module is configured to
determine whether a presently calculated battery resistance has changed by more than
a predetermined percentage from a previously calculated battery resistance. In some
embodiments, the estimation module is configured to calculate open-circuit battery
voltage based on the calculated battery resistance if the presently calculated battery
resistance has not changed by more than a predetermined percentage relative to the
previously calculated battery resistance.

[0038] In some embodiments, the estimation module is configured to calculate

open-circuit battery voltage based on the previously calculated battery resistance if

11
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the calculated battery resistance has changed by more than a predetermined
percentage relative to the previously calculated battery resistance. In some
embodiments, the apparatus is configured to suspend steps c), d) and e) during
predetermined operating conditions for a vehicle being power by the battery. In some
embodiments, the apparatus is configured to suspend steps c), d) and e) when the

vehicle is regeneratively braking for a predetermined period of time.

Brief Description of the Drawings
[0039] The foregoing features of the invention will be more readily

understood by reference to the following detailed description, taken with reference to
the accompanying drawings, in which:

[0040] FIG. 1 is a schematic illustration of a vehicle, according to an
illustrative embodiment of the invention.

[0041] FIG. 2A is a schematic illustration of a vehicle, according to an
illustrative embodiment of the invention.

[0042] FIG. 2B is a schematic illustration of a vehicle, according to an

illustrative embodiment of the invention.

[0043] FIG. 3 is a block diagram of a control system for dynamically
controlling the stability of a vehicle, according to an illustrative embodiment of the
invention.

[0044] FIG. 3A is a block diagram of position of the center of gravity of a

vehicle with respect to a ground-contacting element of the vehicle.

[0045] FIG. 3B is a block diagram of an alternative position of the center of
gravity of the vehicle of FIG. 3A with respect to a ground-contacting element of the
vehicle.

[0046] FIG. 4 is a block diagram of a controller for controlling the operation
of a vehicle, according to an illustrative embodiment of the invention.

[0047] FIG. 5 is a flowchart of a method for controlling vehicle velocity,
according to an illustrative embodiment of the invention.

[0048] FIG. 6 is a flowchart of a method for maintaining balancing margin for
a dynamically-balancing vehicle, according to an illustrative embodiment of the

invention.
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[0049] FIG. 7 is a flowchart of an exemplary method for dynamically
balancing a vehicle by controlling the position of the center of gravity of the vehicle,
according to an illustrative embodiment of the invention.

[0050] FIG. 8A is a flowchart of a method for determining motor current
capability for a battery powered vehicle, according to an illustrative embodiment of
the invention.

[0051] FIG. 8B is a schematic illustration of an apparatus for determining
motor current capability for a battery powered vehicle, according to an illustrative
embodiment of the invention.

[0052] FIG. 9A is a circuit diagram of a battery, according to an illustrative
embodiment of the invention.

[0053] FIG. 9B is a schematic illustration of an apparatus for estimating an
electrical state of the battery of FIG. 9A, according to an illustrative embodiment of
the invention.

[0054] FIG. 9C is a flowchart of a method for estimating the electrical state of

a battery, according to an illustrative embodiment of the invention.

Detailed Description of Illustrative Embodiments

[0055] FIG. 1 is a schematic illustration of a vehicle 100, according to an
illustrative embodiment of the invention. The vehicle 100 includes an enclosure 102
coupled to a support 104. The vehicle 100 also includes at least one ground-
contacting element 110 (e.g., one or more wheels) coupled to a platform 112. The
ground-contacting element 110 rotates about an axle 114 which is coupled to the
platform 112. The vehicle 100 also includes a coupling structure 172 that includes a
support portion 172a coupled to the support 104 and a platform portion 172b coupled
to the platform 112. The coupling structure 172 allows the support portion 172a to
move or slide fore and aft with respect to the platform portion 172b.

[0056] In this embodiment, the coupling structure 172 is a slide assembly, and
the support portion 172a is a rail and the platform portion 172b is a rail guide. In this
embodiment, a human subject (not shown) manipulates an input device 106 to cause a
position of a center of gravity 140 of the vehicle 100 to change. The input device 106
is coupled to a linkage 108. The linkage 108 is coupled to the support 104. The input

device 106 can be, for example, a control stick, yoke, steering wheel or handlebar.
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[0057] The human subject pushes the input device 106 forward (toward the
negative X-Axis direction) which moves the enclosure 102 and support 104 forward
(toward the negative X-Axis direction) relative to the ground-contacting element 110.
The position of the center of gravity 140 of the vehicle 100 moves forward in
response to the enclosure 102 and support 104 moving forward. A forward torque is
gencrated by the ground-contacting element 110 in response to the center of gravity
140 of the vehicle 100 moving forward. The human subject pulls the input device 106
backward (toward the human subject’s body and along the positive X-Axis direction)
which moves the enclosure 102 and support 104 backward (toward the positive X-
Axis direction) relative to the ground-contacting element 110. The position of the
center of gravity 140 of the vehicle 100 moves backward in response to the enclosure
102 and support 104 moving backward. A negative torque is generated by the
ground-contacting element 110 in response to the position of the center of gravity 140
of the vehicle 100 moving backward.

[0058] The vehicle 100 also includes an actuator 190 coupled to the coupling
structure 172 to control the position of the support portion 172a relative to the
platform portion 172b. The vehicle 100 also includes a drive 180 coupled to the
platform 112 and the ground-contacting element 110. The drive 180 (e.g., a
motorized drive) delivers power to the ground-contacting element 110 to cause
rotation of the ground-contacting element 110 to propel/move the vehicle fore
(towards the negative X-Axis direction) and aft (towards the positive X-Axis
direction). The drive 180 also maintains the platform 112 at a desired orientation
(e.g., level or a desired variation near level) with respect to gravity. In some
embodiments, the vehicle 100 includes two or more laterally disposed (along the Z-
axis, with the positive direction along the Z-axis out of the page) ground-contacting
elements 110 which assist with providing lateral stability to the vehicle 100.

[0059] The vehicle 100 also includes at least one controller 194 (e.g.,
controller 400 of FIG. 4) coupled to the drive 180 to control the drive 180 and
coupled to the actuator 190 to control the actuator 190. The controller 194 controls
balancing of the vehicle 100 in response to the position of the enclosure 102 and
support 104 relative to the ground-contacting element 110 and platform 112. A

human subject (not shown) manipulates the input device 106 to command the drive
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180 to command rotation of the ground-contacting element 110 to move the vehicle
100 in the fore and aft directions.

[0060] In some embodiments, when the enclosure 102, support 104 and
support portion 172a slide forward or backward relative to the platform portion 172b,
platform 112 and ground-contacting element 110, the enclosure 102, support 104 and
support portion 172a remain at a desired orientation (e.g., level or desired variation
near level) relative to the underlying surface/ground. In alternative embodiments,
when the enclosure 102, support 104 and support portion 172a slide forward or
backward relative to the platform portion 172b, platform 112 and ground-contacting
clement 110, the enclosure 102, support 104 and support portion 172a pitch relative to
the ground. The vehicle 100 can be adapted such that enclosure 102, support 104 and
support portion 172a pitch forward when the enclosure 102, support 104 and support
portion 172a slide forward, or alternatively, adapted such that enclosure 102, support
104 and support portion 172a pitch backward when the enclosure 102, support 104
and support portion 172a slide forward.

[0061] In some embodiments, the human subject shifts his/her weight forward
or backward to move the position of the center of gravity to cause the vehicle to move
forward or backward, respectively, without causing the enclosure 102, support 104
and support portion 172a to move relative to the platform portion 172b, platform 112
and the ground-contacting element 110.

[0062] In some embodiments, the linkage 108 is coupled to a device that
provides stiffness or damping to movement of the linkage 108 to, for example,
enforce particular types of inputs to the vehicle and/or enhance the human subject’s
experience. In some embodiments, the device limits the speed that the linkage 108 is
permitted to move which limits the speed at which the position of the center of gravity
140 is permitted to change and, therefore, limits the rate of change of the speed of the
vehicle 100.

[0063] In some embodiments, the device damps oscillations in the movement
of the linkage 108 to reduce oscillations in the pitch control loop and/or center of
gravity control loop of a controller that controls operation of the vehicle 100. In the
absence of the device, oscillations induced in the linkage 108 by, for example, a
human subject pushing or pulling the input device 106 would result in oscillations in

the pitch and/or speed of the vehicle 100.
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[0064] In some embodiments, the support portion 172a and/or platform
portion 172b includes a damper to prevent the speed of the vehicle 100 from
oscillating when the support portion 172a moves out of phase with respect to the
platform portion 172b due to, for example, an external disturbance or on-vehicle
disturbance. For example, when the vehicle 100 travels over a bump, the support
portion 172a may move or slide relative to the platform portion 172b, thereby moving
the position of the center of gravity 140 of the vehicle 100 fore or aft. Movement of
the position of the center of gravity 140 fore or aft causes the vehicle 100 to accelerate
or decelerate. Therefore, a damper coupling the support portion 172a to the platform
portion 172b would reduce the high frequency motion otherwise induced by the
bump, and reduce the variation in the speed of the vehicle 100 due to the bump. The
damper would not damp lower frequency motions introduced, for example, by a
human subject pushing the input device to command a change to the position of the
center of gravity 140 of the vehicle. In some embodiments, the damper is configured
to damp high frequency oscillations or impulses. The damper can be a mechanical
damper coupling the support portion 172a to the platform portion 172b. In some
embodiments, the damper is a damping term implemented in the controller 194.
[0065] FIG. 2A is a schematic illustration of a vehicle 200, according to an
illustrative embodiment of the invention. The enclosure 202 is coupled to the support
204. The at least one ground-contacting element 210 is coupled to the platform 212.
The ground-contacting element 210 rotates about the axle 214. The vehicle 200 also
includes a coupling structure that is at least one four-bar linkage 224 (combination of
first bar 224a and second bar 224b). A first end 252a of the first bar 224a is coupled
to the support 204 and a first end 252b of the second bar 224b is coupled to the
support 204. First end 252a and first end 252b of the bars are the support portion of
the coupling structure. A second end 256a of the first bar 224a is coupled to the
platform 212 and a second end 256b of the second bar 224b is coupled to the platform
212. Second end 256a and second end 256b of the bars are the platform portion of the
coupling structure.

[0066] The enclosure 202 and support 204 move along a path 260 defined by
a rotation of the four-bar linkage 224 in the X-Y plane. In this embodiment, a human
subject (not shown) manipulates an input device 206 to cause the position of the

center of gravity 240 of the vehicle 200 to change. The input device 206 is coupled to
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the linkage 208. The linkage 208 is coupled to the support 204. The human subject
pushes the input device 206 forward (toward the negative X-Axis direction) which
moves the enclosure 202 and support 204 along the path 260 defined by the rotation
of the four-bar linkage 224, moving the enclosure 202 and support 204 forward
(toward the negative X-Axis direction) relative to the ground-contacting element 210.
The position of the center of gravity 240 of the vehicle 200 moves forward in
response to the enclosure 202 and support 204 moving forward. A forward torque is
gencrated by the ground-contacting element 210 in response to the position of the
center of gravity 240 of the vehicle 200 moving forward.

[0067] The human subject pulls the input device 206 backward (toward the
human subject’s body and along the positive X-Axis direction) which moves the
enclosure 202 and support 204 along the path 260 defined by the rotation of the four-
bar linkage 224, moving the enclosure 202 and support 204 backward (toward the
positive X-Axis direction) relative to the ground-contacting element 210. The
position of the center of gravity 240 of the vehicle 200 moves backward in response
to the enclosure 202 and support 204 moving backward. A negative torque is
generated by the ground-contacting element 210 in response to the position of the
center of gravity 240 of the vehicle 200 moving backward.

[0068] In some embodiments, the vehicle 200 includes two laterally disposed
ground-contacting elements. The vehicle also includes two four-bar linkages (e.g.,
two of the four-bar linkages 224). Each four-bar linkage is coupled to one of the two
laterally disposed ground-contacting elements. In some embodiments, one or more
four-bar linkages are flexible bars. The flexible bars bend to permit, for example, the
enclosure and support to move along a path (e.g., the path 260 of FIG. 2A).

[0069] FIG. 2B is a three-dimensional view of a vehicle 268, according to an
illustrative embodiment of the invention. A human subject (not shown) rests on a
support 272 in an enclosure 276 that at least partially encloses the human subject.
The vehicle 268 includes two wheels 260, 264. The two wheels 260, 264 are coupled
to a platform 280. Wheel 260 is laterally disposed to wheel 264. The wheels each
rotate about an axle 284 and are powered by at least one drive 288 (e.g., a motorized
drive). A controller (292) is coupled to the drive 288 for providing a control signal in
response to changes in vehicle orientation (e.g., pitch) and position of the center of

gravity 296 of the vehicle 268.
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[0070] As the human subject mounts the vehicle 268, the controller 292
implements a control loop and senses a change in the vehicle’s 268 orientation that
can result from a change in the position of the center of gravity 296 in a fore-aft plane
and controls power provided to the wheels 260, 264 based upon the change to the
position of the center of gravity 296. In response to the change in the vehicle’s 268
orientation and changes in the position of the center of gravity 296, torque is applied
to the wheels 260, 264 to dynamically stabilize the vehicle 268, similarly as described
in U.S. Patent Application No. 12/266.170 (the entire contents of which are hereby
incorporated by reference in its entirety).

[0071] In one embodiment, as the position of the center of gravity 296 moves
in a fore direction (toward the negative X-Axis direction), the drive 288 provides
power to the two wheels 260, 264 sufficient to cause the vehicle 268 to move forward
(toward the negative X-Axis direction). As the center of gravity 296 moves in the aft
direction (toward the positive X-Axis direction), the drive 288 provides power to the
two wheels 260, 264 sufficient to cause the vehicle 268 to slow and reverse direction
such that the vehicle 268 moves backward (toward the positive X-Axis direction).
[0072] The pitch of the vehicle 268 (angular orientation of the vehicle 268
about the axle 284) may also be sensed and compensated for in the control loop. The
controller includes gyroscopes for sensing orientation of the vehicle 268 that can
result from changes in the position of the center of gravity 296.

[0073] Vehicle 268 pitch variation is decreased during operation when the
vehicle 268 is dynamically stabilized based on the change in the position of the
support portion relative to the platform portion (e.g., support portion 172a and
platform portion 172b of FIG. 1) rather than in response to a change in pitch. It also
shortens the time it takes the vehicle 268 to respond to an acceleration and/or
deceleration command. The vehicle 268 accelerates and/or decelerates by restoring
the position of the center of gravity 296 of the vehicle 268 over the location that the
wheels 260 and 264 contact the ground. If the vehicle 268 was accelerated and/or
decelerated in response to a change in pitch, a controller of the vehicle 268 would first
need to induce a change in the position of the center of gravity 296 relative to a steady
state position and then command the drive 288 to operate the wheels 260 and 264 in
such a manner as to position the center of gravity 296 above the location where the

ground-contacting elements contact the ground. The time required to induce a change
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in the position of the center of gravity 296 back to the steady state position is a time
delay for the vehicle 268 to respond to an acceleration and/or deceleration command
compared to acceleration and/or deceleration in response to a change in the position
of the center of gravity. The vehicle 268 does not need to induce the change in the
position of the center of gravity 296 from a steady state because the change of the
position of the center of gravity 296 is inherent in the acceleration and/or deceleration
command. The acceleration and/or deceleration command necessitates a change in
the orientation of the vehicle 268 to position the center of gravity 296 in the correct
position so that acceleration and/or deceleration can begin.
[0074] FIG. 3 is a block diagram of a control system 300 for dynamically
controlling the stability of a vehicle having two laterally disposed wheels (e.g., wheels
260 and 264 of FIG. 2B), according to an illustrative embodiment of the invention. A
controller 302 (e.g., controller 400 of FIG. 4) receives an input characteristic of a
position of the support portion (e.g., support portion 172a of FIG. 1) relative to the
platform portion (e.g., platform portion 172b of FIG. 1) which affects the location of
the center of gravity of the vehicle, from a sensor module 304. Based on at least the
position of the support portion relative to the platform portion provided by the sensor
module 304, the controller 302 commands torque T of at least one of the left
motorized drive 306 or right motorized drive 308 (e.g., torque applied to the
corresponding ground-contacting elements).
[0075] FIGS. 3A and 3B are block diagrams that illustrate the effect of the
position of the center of gravity 322 of a vehicle 330 on operation of the vehicle 330,
according to an illustrative embodiment of the invention. The vehicle 330 has a total
mass M, (weight of M,g). The mass of a payload and a portion of the vehicle 330 is
denoted as M, (weight of M;g) which corresponds to the mass of the center of gravity
322. The mass of two laterally disposed contacting elements 320 is denoted as mass
My (weight of Myg). The weight of the vehicle 330 is expressed as:
M,g=Mg+M,g EQN. 1
The portion of the vehicle 330 capable of moving along the X-Axis direction relative
to the position of the ground-contacting elements 320 is represented by the center of
gravity 322. Referring to FIG. 3A, the center of gravity 322 is located at an initial
location 334 above the location 338 where the ground-contacting elements 320

contact the ground.
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[0076] Referring to FIG. 3B, the center of gravity 322 is located at a location
342, at a distance L along the negative X-Axis direction relative to the initial location
334. In one embodiment, the center of gravity 322 is positioned at location 342 by a
human subject moving the position of the center of gravity of the vehicle 330. The
sensor module 304 (of FIG. 3) provides the pitch of the vehicle 330 and the
orientation of the vehicle 330 to the controller 302. The pitch and orientation change
as the position 342 of the center of gravity 322 changes. The controller 302 outputs a
signal to the left motorized drive 306 and right motorized drive 308 to apply a torque
[T=(M;g)(L)] to the ground-contacting elements 320 to cause the ground-contacting
elements 320 to move in the direction (e.g., forward along the negative X-Axis
direction) the center of gravity 322 has been displaced from the previous location 338
to maintain balance of the vehicle 330.

[0077] The masses of the vehicle 330 can be advantageously distributed
between the payload and related structure (collectively 322) and the ground
contacting-elements and related structure (collectively 320) to maximize acceleration
and deceleration performance. In one embodiment, it is advantageous to locate a
larger percentage of the total vehicle 330 mass with the moving portion of the vehicle
330 (i.e., with the payload and related structure 322) to maximize acceleration and
deceleration performance. Placing more of the total vehicle 330 mass with the
moving portion 322 enables the larger amount of mass to contribute to generating the
motor commands required to accelerate or decelerate the vehicle 330. If, however,
more of the total vehicle 330 mass was placed with the ground-contacting elements
and related structure 320, the larger percentage of mass would be a load that the
vehicle 330 needs to move as part of the entire vehicle 330.

[0078] The controller 302 also interfaces with a user interface 310 and a wheel
rotation sensor 312. The user interface 310 can, for example, include controls for
turning the vehicle on or off, or for triggering different operating modes of the
vehicle.

[0079] The sensor module 304 detects one or more vehicle parameters to
determine a change in the position of the center of gravity of the vehicle (e.g., due to
movement of the support portion 172a relative to the platform portion 172b of the
vehicle 100 of FIG. 1). In one embodiment, the sensor module 304 generates a signal

indicative of a change in the position of the center of gravity at one instance in time
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with respect to the position of the center of gravity at another instance in time. For
example, a distance sensor attached to a spring, a load sensor, an inclinometer, a
gyroscope, whiskers and/or an angular rate sensor can be used to determine a change
in the center of gravity of the vehicle. Other sensors (e.g., optical sensors and/or
magnetic sensors) can also be employed and are therefore within the scope of the
present invention.
[0080] The controller 302 includes a control algorithm to determine the
amount of torque to be applied by the left motorized drive 306 and/or right motorized
drive 308 based on the slide position (support portion relative to the platform portion).
The control algorithm can be configured, for example, during the design of the
vehicle or in real time, on the basis of a current operating mode of the vehicle,
operating conditions experience by the vehicle, as well as preferences of a human
subject.
[0081] As an example, not meant to be limiting, the control algorithm can take
the form:

Torque Command = K-(C+O) EQN. 2
where K is the gain, C is a vector defining the position of the center of gravity of the
vehicle, and O is an offset. The position of the center of gravity, C, can be in the form
of an error term defined as the desired position of the slide (support portion relative to
the platform portion) minus the sensed position of the slide. Changing the slide
position may be the method used to affect the position of the CG. The desired
position of the slide can be for example, a predetermined constant in the control
algorithm. Alternatively, a human subject in the vehicle can set the position of the
slide via a user interface. In this embodiment, upon starting the vehicle and prior to
allowing movement of the vehicle, a human subject can activate a switch on the
vehicle that triggers determination of the desired position of the slide based on inputs
received from the sensor module. This allows the human subject to acquire a known
initial position of the slide, from which the human subject can then deviate so as to
cause a change in the position of the slide (causing a change in position of the CG).
[0082] The gain, K, can be a predetermined constant, or can be entered or
adjusted by the human subject through the user interface 310. Gain K is, most
generally, a vector, with the torque determined as a scalar product of the gain and the

position of the slide displacement vector. Responsiveness of the vehicle to changes in
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the position of the slide can be governed by K. For example, increasing the
magnitude of at least one element of vector K causes a human subject to perceive a
stiffer response in that a small change in the position of the slide results in a large
torque command.

[0083] Offset, O, can be incorporated into the control algorithm to govern the
torque applied to the left motorized drive 306 and right motorized drives 308, either in
addition to, or separate from, the direct effect of C. Thus, for example, the human
subject can provide an input by means of the user interface 310 (e.g., input 106 of
FIG. 1), the input is treated by the controller 302 equivalently to a change, for
example, in the position of the slide.

[0084] In one embodiment, steering can be accomplished by calculating the
torque desired for the left motorized drive 306 and the torque desired for the right
motorized drive 308 separately. Additionally, tracking both the left wheel motion and
the right wheel motion permits adjustments to be made, as known to persons of
ordinary skill in the control arts, to prevent unwanted turning of the vehicle and to
account for performance variations between the left motorized drive 306 and the right
motorized drive 308.

[0085] Steering may be accomplished in an embodiment having at least two
laterally disposed ground-contacting elements (e.g., a left and right wheel), by
providing, for example, separate motors for left and right ground-contacting elements.
Torque desired for the left motor and the torque desired for the right motor can be
calculated separately. Additionally, tracking both the left ground-contacting element
motion and the right ground-contacting element motion with the ground-contacting
element rotation sensors 312 permits adjustments to be made, as known to persons of
ordinary skill in the control arts, to prevent unwanted turning of the vehicle and to
account for performance variations between the two motors. In some embodiments,
steering sensitivity is adjusted to a higher sensitivity when a vehicle is at lower speeds
and lower sensitivity when a vehicle is at higher speeds to allow, for example, easier
steering at higher speeds.

[0086] In some embodiments, the control system 300 limits the speed of the
vehicle. The speed limit can be set based on, for example, a maximum speed

associated with the operating mode of the vehicle or an input from the human subject.
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[0087] In one embodiment, the control system 300 includes a speed limiting
algorithm that regulates the speed of the vehicle by controlling the pitch of the
vehicle. The controller 302 changes the pitch of the vehicle which moves the position
of the center of gravity. Changes in the position of the center of gravity cause the
vehicle to accelerate or decelerate depending on which direction the center of gravity
is moved. The speed limiting algorithm causes the controller 302 limit the speed of

the vehicle by adjusting a desired pitch angle ®,,. The pitch control loop of the
system 300 controls the system 300 to achieve the desired pitch angle ©,, .

[0088] The adjustment of the desired pitch angle 0p is determined based on

the following relationship:

4 B 9
Op =KI*K2* (VSpeedLimit ~Vem )+ K3* (IntegratedSpeedErrar) +K4* (Acceleration) EQN.

3

where Vgyeedrimir 18 the current maximum allowed speed of the vehicle, Ve, is the

speed of the vehicle, K2 is a gain proportional to the difference between the vehicle’s
speed limit and the vehicle’s actual speed, K3 is a gain on the Integrated Speed Error,
which is the integrated difference between the vehicle’s speed limit and the vehicle’s
actual speed, K4 is a gain on the acceleration of the vehicle, K1 is a gain on the
overall calculated desired pitch that can be a function of, for example, a position of
the center of gravity of the vehicle, and 0y, is the desired pitch angle. The cumulative
effect of terms 4, B and C in EQN. 3 is to cause the vehicle to pitch backward into a
deceleration orientation if the forward speed limit is exceeded. The value of the
desired pitch angle, Op is varied in the control system 300 to control the speed of the
vehicle.

[0089] In one embodiment, the desired pitch angle 8y remains constant (e.g.,
the vehicle remains level with respect to the ground plane). When a predefined
maximum speed limit is reached, the control system 300 responds by setting the
desired pitch angle 6y to a value to decelerate the vehicle to prevent the vehicle from
exceeding the maximum speed limit. This has the effect of the control system 300
commanding the vehicle to pitch backwards which causes the speed of the vehicle to

decrease.

23



WO 2011/106772 PCT/US2011/026472

[0090] In some embodiments, the control system 300 is configured to account
for the human subject commanding the vehicle to slow down. When the control
system 300 determines that the human subject has caused the position of the center of
gravity to shift rearward, the controller reduces the value of the gain K1. By reducing
the value of the gain K1, the pitch angle terms in the control system 300 (governed
by, for example, EQN. 3) are de-emphasized. Because the control system 300 de-
emphasizes the pitch angle terms, the control system 300 does not command the
vehicle to pitch backwards as much as it would in the absence of the human subject
commanding the vehicle to slow down.

[0091] FIG. 4 is a block diagram of a controller 400 for controlling the
operation of a vehicle (e.g., vehicle 100 of FIG. 1), according to an illustrative
embodiment of the invention. The vehicle’s dynamic response to a rider’s 402 or a
controller’s 404 (e.g., autonomous) input commands, terrain, payload, wind load, and
system capability can be managed by a number of nested and cooperative closed-loop
system controllers. The pitch controller 406 maintains dynamic stability of the
vehicle. The pitch controller 406 can take feedback data from various sources, for
example, pitch and pitch rate 408 from the pitch state estimator (PSE) 410, and slide
position 412 from slide-mounted string potentiometer 414 (or, an other suitable sensor
that provides a measure of the position of, for example, the support portion of the
coupling structure relative to the platform portion of the coupling structure). The
pitch controller 416 can output wheel motor speed commands 418 to keep the vehicle
chassis (e.g., support) level.

[0092] The vehicle’s yaw controller 466 can take, as input, steering
commands from the HMI 402 (or the controller 404) and compare the steering
commands 420 to the wheels speeds 422 from the wheel motor drives 424 to create
wheel motor speed command components 426 needed to steer and turn the vehicle.
The wheel motor speed commands 438 can include a command component for the
vehicle’s propulsion and a command component for the vehicle’s steering. In some
embodiments, the steering command component 426 is added to the propulsion
command component 418 (from the pitch controller 406) for one wheel and
subtracted from the propulsion component 418 for the other wheel.

[0093] The vehicle’s velocity controller 428 can take, as input, vehicle speed
commands 430 from the HMI 402 (or the controller 404), that have, if necessary, been
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limited by the vehicle’s speed limiter 432. The vehicle’s velocity controller 428 can
create slide position commands 434 to adjust the position of the slide affecting the
position of the CG and thus, adjust torque applied by the wheels to an underlying
surface to adjust the acceleration and speed of the vehicle. The vehicle’s velocity
controller 428 can receive velocity feedback from both the wheel 422 and the slide
436 motor drives.

[0094] Wheel speed command components 418 and 426 can be output from
the pitch 406 and yaw 446 controllers and can be combined to create overall motor
speed commands 438 that the vehicle can use to balance, steer and drive the vehicle.
The resulting wheel speed commands 438 can be sent to wheel motor drives 424
which can control the speeds of the wheel motors 442. The wheel motor drives 424
can be digitally controlled, sine modulated, and permanent magnet motor drives.
[0095] A slide position command 434 can be output from the vehicle’s
velocity controller 428, which may be limited by the effort limiter 444, can be input to
a slide position controller 446. The slide position controller 446 compares the slide
position command 434 to the actual slide position 412 from the string potentiometer
and outputs slide motor speed command 448. The motor speed command 448 can be
input to slide actuator motor drive 450 which can control the slide’s motor 468 speed.
[0096] Inside the vehicle’s wheel motor drives 424, there can be motor speed
loops to control motor current loops which can control duty cycles of power bridges
that can output varying 3-phase voltages to the vehicle’s wheel motors 442. The
vehicle’s wheel motor positions 458 can be fed back to the wheel motor drives 424
from motor shaft encoders 460 for commutation and for closing the speed loop. The
speed controllers can be configured with proportional gains. Thus, a steady-state
speed error can develop under a load. The presence of a steady-state speed error can
help ensure that loads carried by redundant motors, if implemented, are shared in a
reasonably well-balanced fashion. A current limiter in each wheel motor drive 424
can protect the motor drives 424 and their motors 442 from overheating while
allowing peak torque capability for short durations and continuous torque capability
for indefinite periods of operation.

[0097] In order to know how much to limit the effort demanded of the
propulsion system, the wheel motor current capability can be estimated. The motor

current capability can be estimated by knowing the present motor speed, current and
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current limits, which can be fed back from the wheel motor drives 424, and the
estimated battery resistance and open-circuit voltage from the battery state estimator
(BSE) 452. Thus, the BSE 452 can use the current and terminal voltage fed back from
the battery 456 to estimate the battery resistance by monitoring how much the battery
voltage changes in response to battery current changes. The BSE 452 can estimate
the open-circuit battery voltage (the no-load voltage) from the actual battery current
and terminal voltage and the battery’s estimated resistance. Mechanisms and methods
for battery state estimation are described herein.

[0098] Using as inputs the battery state estimates from the BSE 452, and the
motor current, current limit and speed feedback from the wheel motor drives 424, the
motor current capability estimator (CCE) 454 can estimate the motor current that the
vehicle’s propulsion system can produce at any point in time. Methods and
mechanisms for current capability estimation (CCE) are described herein. The current
capability can be passed to the effort limiter 444, which limits the slide position to
keep a margin between the commanded current and the current capability of the
system, thus balancing and steering capability can be maintained. The vehicle’s
motor drives 424 can include current limiting algorithms to adjust the vehicle’s motor
current between peak and continuous limits. The limits are selected to protect both
the motors 442 and the drives 424. Any time the commanded or target current is
above a drive’s continuous limit, the drive’s enforced limit can slew down to the
drive’s continuous limit. When the motor target current drops below the continuous
limit, the enforced limit can slew back up to the peak limit. The enforced limits can
be fed back from the drives 424 to the CCE 454.

[0099] The vehicle’s speed limiter 432 can set the top speed limit of the
system and implement a slowdown response that can be requested by the vehicle’s
safety kernel 462. Thus, the speed limiter 432 can pass a speed limit value 464 to the
vehicle’s velocity controller 428, which enforces it. As the safety kernel 462
determines that a slowdown response is needed, it can request a slowdown response
from the speed limiter 432. The speed limiter 432 can calculate a time-varying speed
limit that can be used for the slowdown response and pass the time-varying speed
values to the velocity controller 428.

[00100] There are several responses to hazards and faults 466 that the safety

kernel 462 can issue that can result in changing the speed limit. For example, limit-
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speed response, zero-speed response, full-system safety shutdown, and half-system
safety shutdown (for redundant systems). They are similar in the fact that they can all
cause the system to decelerate; and differ on the values they can limit to and the rates
they can cause the system to decelerate at. Additionally, safety shutdown responses
can be coupled with landing (transitioning to a statically-stable state) and power down
commands once the system has reached zero speed.

[00101] The vehicle’s limit-speed response can be issued under transient
conditions such as when an Inertial Measurement Unit (IMU) 470 is “dizzy”. Once
the transient condition disappears (e.g., no longer turning fast) the limit on speed can
be slowly lifted. The zero-speed response can be issued, for example, if the
conditions causing the limit-speed response persist, and the system can set the speed
limit to zero fairly rapidly.

[00102] The safety shutdown responses can be issued when the system has
encountered a fault that requires the system to come to rest and power down. A safety
shutdown brings the system to zero speed. The rate at which the system is brought to
zero speed can vary with the type of safety shutdown. In cases where the full system
is available, the system can decelerate at the maximum possible rate to minimize the
time the system remains on while faulted. For redundant systems in the half-system
case, the slowdown rate can be cut in half because the system only has half capability
and trying to decelerate at maximum full system rates can increase the likelihood of
saturating the half-system capability. The speed limiter 432 can inform the safety
kernel 462 when it has achieved its task, but sometimes can delay the feedback to
ensure, for example, that the system dynamics have settled before issuing land and
power-down commands.

[00103] The pitch controller 406 can use estimated feedback data for pitch and
pitch rate 408. These estimates can be calculated in the Pitch State Estimator (PSE)
410 from raw angular rate and accelerometer data from the IMU 470.

[00104] The pitch controller 406 can be a closed-loop controller and can be the
primary balancing function. The pitch controller 406 has as inputs information about
the desired and measured pitch orientations of the vehicle with respect to gravity and
can create commands for the actuators to provide stabilizing forces. These forces,
while providing stability in the pitch axis, concurrently provide a propulsive force for

the general fore/aft motion of the vehicle. The output 418 of the pitch controller 406
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is a component of the overall propulsion command and can be added to the other
components in another module.

[00105] The pitch controller 406 can include four terms, the sum of which can
constitute the pitch command. The first term can be a gain applied to the difference
between the desired and measured/estimated pitch, also known as the "error.” The
product of the gain and the error is commonly referred to as a "proportional term."
When applied to the balancing vehicle, the proportional term drives the vehicle in the
direction of the vehicle pitch or "lean.” An additional degree of freedom represented
by the linear slide actuator can require compensation in the first term of the pitch
controller. A pitch offset can be applied as a function of the slide position. The pitch
offset term offsets a desired pitch by a current slide position multiplied by an
empirically-derived gain. This can be done to compensate for the increasing torque
demand on the wheel actuator as the distance to the overhung load is increased in
magnitude. The distance to the overhung load is calculated as the fore/aft distance
from the neutral balance point (not from the center of slide travel). The second term
can be a gain applied to the pitch rate data. This term is commonly referred to as a
"rate term." A rate term opposes pitch motion, and thus can resist changes in
orientation. It can be a source of damping in the controller.

[00106] The third term can be for a motor drive that controls speed or voltage.
It can be a "feed-forward term"” based on average speed of the left and right wheel
motors. This term can be used to provide some steady state command for a given
vehicle speed so as to reduce the need for pitch error to grow as speed increases. This
term can be unnecessary for the pitch controller when directly commanding motor
current. The fourth term can be for slide motion compensation. As the slide moves it
imparts disturbance forces on the system. This term can be a “feed-forward term”
based on slide motion. The term can be used to provide some damping when there is
relative motion between the support portion of the coupling structure of the vehicle
relative to the platform portion of the coupling structure of the vehicle. It can perform
the function of adding damping when the pitch loop is excited by any relative motion

between the support portion relative to the platform portion.

Speed Control
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[00107] FIG. 5 is a flowchart of a method for controlling vehicle velocity,
according to an illustrative embodiment of the invention. In one embodiment, the
method is implemented using a velocity controller (referring to the vehicle velocity
controller 428 of FIG. 4 used to control operating speed of vehicle 100 of FIG. 1).
The velocity controller is a closed-loop controller that regulates the fore/aft motion of
the vehicle. It accomplishes this through the combined effects of controlling the slide
controller 446 and the pitch controller 406. The velocity controller 428 calculates a
desired position for the slide which the slide position controller carries out. The
resulting shift in the position of the center of gravity (CG) in turn can induce motion
by causing pitch error, and thus wheel motion can be driven by the pitch controller.
[00108] The velocity controller 428 can be a high-level controller that can
utilize lower-level controllers directly (slide) and indirectly (pitch) to control the
plant. The output of the velocity controller can be a desired slide position that feeds
the slide controller. By positioning the enclosure 102, support 104, and support
portion 172a of the coupling structure 172 and battery mass relative to the wheels
110, the velocity controller 428 can induce commands in the pitch loop which in turn
can give rise to vehicle accelerations which the velocity controller can utilize to
achieve its goal.

[00109] The target of the velocity loop can be calculated from one of two
sources, either the manual controls 402 or the controller 404. The velocity controller
428 is capable of switching between these two sources while the loop is closing to
achieve the operational goals of the system, including mode switching on the fly. The
velocity controller 428 can have a proportional term and an integral term. The
integral term can be important for several reasons. It can provide the system with its
station-keeping capability on flat ground, inclined surfaces, in the presence of external
disturbances (e.g., wind) and compensate for the variation in system losses that occur
over the working speed range to effectively achieve the target.

[00110] The velocity controller 428 feedback is a combination of wheel
velocity 422 and slide velocity 436. This can be important for the stability of the
velocity loop. Consider a hypothetical case where the system is at rest and the
velocity controller 428 is using only the average of all the present wheel speeds as
feedback. I f forward speed is desired, the slide can be moved forward. As the slide

moves forward, there is a reaction force on the chassis which can cause the wheels to
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roll backwards. This rolling backwards can increase the velocity error and push the
slide further forward, which in turn can increase the backward rolling and so forth
creating positive feedback. By taking the vehicle velocity to be the sum of the
average of the present wheel and slide speeds this undesired response can be remedied
because as the wheels are moving back the slide can be moving forward which can
have the tendency to cancel the effect.

[00111] The reverse mode of operation can be implemented by setting limits on
the velocity target based upon the forward/reverse state. In the reverse mode some
small speed limit can be allowed (e.g., less than 3 mph) and in forward mode no
reverse motion can be allowed. Forward motion commands can be allowed in both
modes; forward mode can be thought of as a reverse motion inhibit mode. Transitions
between modes can be regulated by system dynamic data and a mode input switch
(e.g., operable by a user or autonomous controller). In one embodiment, to enable
reverse mode when in forward mode, the criteria can be: the system speed must be
low, the velocity target must be low, and the forward/reverse mode button must be
pressed. The request can be not latched. To enable forward mode when in reverse
mode, one can toggle modes with same criteria for entering reverse mode or push the
throttle input forward if the system is at zero speed.

[00112] Referring to FIG. 5, an exemplary method for controlling the speed of
the vehicle includes determining position of the coupling structure support portion
relative to the position of the coupling assembly platform portion (step 504). The
method also includes controlling torque applied by the at least one wheel to an
underlying surface by commanding the coupling structure to vary the position of the
support portion relative to the platform portion while maintaining the platform level,
or some other desired orientation (e.g., a desired variation near level) (step 508). In
some embodiments, the slide position controller (e.g., controller 446 of FIG. 4)
specifies the support portion of the coupling structure move to a specific position
relative to the platform portion of the coupling structure, causing a pitch moment on
the vehicle which creates commands in the dynamic balance controller, which causes
the wheel motor drive 424 to cause the wheel to apply torque to the underlying
surface to achieve a desired speed for the vehicle. In some embodiments, the specific
position may vary depending on the vehicle operating mode. For example, when the

vehicle operating mode is a forward mode, the system may limit the rate at which the
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vehicle speed can be increased or decreased by controlling or limiting the position.
Additionally, a reverse mode can impose alternate limits on vehicle speed including
inhibiting any motion at all. Zero-speed, station-keeping behaviors can be achieved
through automatically adjusting the slide position; this can be done in the presence of
external disturbances such as wind or slope, as well as a shift in the vehicle center of
gravity.

[00113] The method also includes receiving a vehicle speed command value
(step 512) from a user or controller and varying the position of the support portion
relative to the platform portion to control the torque applied by the at least one wheel
to the underlying surface to achieve the vehicle speed command value. The method
also includes receiving speed feedback signals (step 516) from the at least one wheel,
coupling structure speed, or both to command the coupling structure to vary the
position of the support portion relative to the platform portion to control the torque
applied by the at least one wheel to the underlying surface to control the speed of the
vehicle.

[00114] In some embodiments, the vehicle controller includes a speed limiter
module (e.g., speed limiter 432 of FIG. 4) configured to constrain the size of a speed
command signal (430 of FIG. 4) to constrain the torque applied by the at least one
wheel to the underlying surface to constrain the speed of the vehicle over a period of
time in response to varying the position of the support portion relative to the platform
portion over the period of time. For example, a maximum speed limit can be enforced

by modifying or limiting the slide position when the maximum speed is reached.

Propulsion Effort Limiting

[00115] The “effort capability” of a vehicle propulsion system can be estimated
to ensure the effort required to propel the vehicle is within the capability of the
system. In one embodiment, the effort limiter is a closed-loop controller that has the
primary function of limiting the amount of effort or torque required by the propulsion
system by regulating, limiting, or modifying the vehicle motion. Both longitudinal
and yaw motion, and therefore effort, can be controlled to maintain propulsion
capability margins that are required for balancing pitch stability. This control can be

achieved by directly limiting or modifying the slide position, the yaw acceleration or
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rate, or all as a function of propulsion drive current feedback and propulsion current
capability estimate.

[00116] The effort limiter can use maximum drive current and the minimum
calculated current capability estimate feedback data. Methods and mechanisms for
current capability estimation (CCE) are described herein. The maximum drive current
(MDC) can be taken as the maximum instantaneous current magnitude of all vehicle
propulsion drives. The current capability estimate (CCE) can be taken as the
minimum between the calculated estimates from both sides of the vehicle and is
essentially equal to the present current limit of the propulsion system. The CCE can
be used to generate a current threshold above which the proportional term of the effort
limiter controller is active. The threshold can be calculated as the difference between
the CCE and a current band, so the current threshold can be a level some delta below
the level of the CCE. In some embodiments, the current band varies with speed and
provides more torque margin at higher speeds approaching the no-load speed of the
motor.

[00117] In vehicles with electric drives, there can be different limitations on
capability in the motoring versus regeneration quadrants of their torque/speed
operating domain. In some embodiments, the effort limiter has different behaviors in
the motoring versus the regeneration quadrants to maximize performance in each of
the quadrants according to the performance constraints of each of the quadrants. For
example when near the no-load speed in the motoring quadrant there can be little
acceleration capability available compared to the amount of deceleration capability in
the regeneration quadrant at the same speed. Having different behaviors in the
different quadrants can preserve braking capability when compared to using the same
limits in all quadrants

[00118] In one embodiment, the effort limiter has two terms. The first term can
be the product of the magnitude of the derivative of the filtered MDC and a gain. As
the derivative term increases in magnitude the slide limit and yaw target limit can be
pulled down to slow the rate at which the required MDC increases. This can act as a
damper allowing a stable response when the MDC enters the proportional band. The
second term can be the product of the difference between the current threshold and the
MDC and a gain. This term returns zero when the MDC is below the current

threshold, meaning it is only active when the MDC is in the band between the CCE

32



WO 2011/106772 PCT/US2011/026472

and the current threshold. The smaller the size of the band, the less the vehicle
performance is inhibited, but at the cost of increasing the stiffness of the effort limiter
response which can become more oscillatory because of the increased gain on the
term. The size of this “proportional band” can be important to balancing the tradeoff
of peak machine performance and controller stability. In some embodiments the size
of this band can vary depending on the present speed of the system. This allows for
improvements in acceleration performance at low speeds when the system is far away
from the limits, increases in balancing margins at higher speeds where acceleration
performance isn't as important, and additional flexibility in tuning controller stability.
[00119] The output of the effort limiter can consist of the sum of the two terms,
dual rate limited. This output can be subtracted from the absolute limit imposed by
the system for slide position and yaw rate target. The dual rate limiting can be used to
allow the generated limit to decrease at a higher rate and increase at a lower rate. So
the controller can pull the limit down quickly and let it go back up more slowly. This
can enable increasing the stiffness and therefore reducing the response time of the
effort limiter while reducing the occurrence of oscillatory behavior. The slide effort
limit can be imposed during balancing operation only, so that the transients during
landing and takeoft do not pull down the slide limit and affect behaviors in those
states where effort limiting of the propulsion drives is not as critical. When the
desired slide position generated in the velocity controller is less than the attenuated
limit generated in the effort limiter a flag can be sent to saturate the integrators in the
velocity controller at the present values. This can be done to keep the integrators
from winding up while the slide position is being limited.

[00120] The yaw rate (rate of turning about a vertical axis of a vehicle
perpendicular to both longitudinal and lateral directions) can be used to create a feed-
forward term into the effort limiter which can limit longitudinal (fore / aft)
acceleration to preserve yaw or directional control. High longitudinal acceleration
combined with a high yaw rate can create a large yaw moment that must be supported
by the propulsion motors. In order to preserve balance function, the sum of the
longitudinal and yaw efforts must be kept under the limit of the propulsion system. In
one embodiment, longitudinal effort can be reduced when yaw effort is high to

preserve balance and steering capability over longitudinal acceleration and
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deceleration performance. In other embodiments longitudinal effort can be used to
limit or reduce yaw effort while maintaining balance.

[00121] FIG. 6 is a flowchart of a method for effort limiting to maintain
balancing margin for a dynamically-balancing vehicle (e.g., the vehicle 100 of FIG 1.
using the controller 400 of FIG. 4). The method includes determining present
operating wheel torque for the vehicle 604 and determining present wheel torque
capability of the vehicle 608, which are described herein (e.g., section entitled Motor
Current Capability Estimation).

[00122] The method also includes controlling 612 (i.e., enabling the effort
limiter 444) the coupling structure (e.g., coupling structure 172 of FIG. 1) to control
the position of the support portion relative to the platform portion (with the slide
actuator 450) based on the present operating wheel torque and the present wheel
torque capability to maintain propulsion capability margins required for balancing the
vehicle. The method also includes controlling the speed of the vehicle 616 based on,
for example, an input by a user (input 402 of FIG. 4) subject to the requirement that
the vehicle remain balancing.

[00123] In some embodiments, the method includes enabling the coupling
structure to only command positions that maintain balance of the vehicle 620. By
way of example, the controller 400 of FIG. 4 may be configured so the effort limiter
444 may only enable the slide position controller 446 to command the support portion
of the coupling structure to take on certain positions relative to the platform portion of
the coupling structure. In other embodiments, the controller may attenuate or modify

the slide position to preserve the balance of the vehicle.

CG Offset

[00124] The CG (center of gravity) offset is typically a measurement or
estimate of the physical position difference from a predefined fixed slide zero position
that is required for the vehicle to balance in place with the platform level. The CG
offset can vary depending on passengers and cargo both between uses and during use
of the vehicle, and therefore determining it both at startup and during operation is an
important function. The CG offset and changes in it during operation can affect the
performance of velocity controller, pitch controller, and effort limiter (e.g., velocity

controller 428, pitch controller 406, and effort limiter 432 of FIG. 4). Using the
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determined CG offset in the velocity controller can reduce the magnitude required by
the integral term and therefore the likelihood of saturating the integrator in various
conditions. In the pitch controller it can affect the slide pitch offset; centering slide
travel at the CG offset results in the machine being level at zero speed. In the effort
limiter the CG offset can play a critical role in where the slide position gets limited,
because, while the effort limiter limits the slide position, it does so to control the
placement of the CG of the coupling structure support. If the CG offset is not taken
into account in the effort limiter and there is a large shift the longitudinal position of
the CG (like from a payload shift) the machine can become vulnerable to drive
saturation and pitch instability.

[00125] FIG. 7 is a flowchart of an exemplary method for dynamically
balancing a vehicle (e.g., vehicle 100 of FIG. 1) by controlling the position of the
center of gravity of the vehicle (using, for example, the controller 400 of FIG. 4),
according to an illustrative embodiment of the invention. The method includes
determining 704 position of the coupling structure support portion (e.g., support
portion 172a) relative to the coupling structure platform portion (e.g., platform portion
172b). The method also includes controlling 708 position of the coupling structure
support portion relative to the coupling structure platform portion to move the
position of the vehicle center of gravity while dynamically balancing the vehicle.
[00126] The method also includes moving 728 the support portion relative to
the platform portion to dynamically balance the vehicle while the vehicle is at a
commanded rest position relative to an underlying surface and the support is at least
substantially level. By way of example, the moving step (728) may be performed
when the vehicle is in operating in a takeoff or landing mode. The method also
includes varying 732 position of the support portion relative to the platform portion in
response to a change in the position of the vehicle center of gravity. In some
embodiments, controlling position of the support portion relative to the platform
portion is performed in response to receiving vehicle fore/aft speed commands 712,
yaw rate commands 716, or both.

[00127] In some embodiments, the controller disables 724 the step of
controlling position during vehicle takeoff and landing modes. The controller is also
configured to enable the step of controlling position after the vehicle enters a

balancing mode from the takeoff mode.
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[00128] In some embodiments, the CG offset is updated by averaging the
combined slide position for a period of time when the system is considered to be at
rest. A variety of criteria may be considered for triggering an update of the CG offset;
some or all of which can be enabled. For example, one criterion is the velocity and
yaw targets/commands are low for a period of time. This allows the system to settle
before starting to check the other criteria and starting the average. It allows the
vehicle to have wider thresholds for other triggering criteria. Another criterion is the
vehicle is in the balanced running state. This criterion avoids updating the CG offset
during takeoff or landing where the machine can be significantly pitched thus
requiring the slide position to be far away from where the actual CG position is likely
to be when level.

[00129] Another criterion is the present maximum propulsion drive current
magnitude of all the motor drives is low. This criterion helps deal with the case
where the vehicle is on a slope. If an update is made when on a slope, it can adversely
affect the effort limiter. When stationary on a slope, the motor current is not low.
Some effort is required to hold the vehicle on the slope which also requires the slide
to be positioned to cause the holding force, if the CG offset were updated it could end
up being different than that required on level ground. Another criterion is the present
maximum slide drive current magnitude for the slide actuator drives is low. If the
cabin (e.g., enclosure, support, and support portion of the coupling structure) is
externally disturbed the propulsion drive currents can be low and speed can be low
but the slide current can be higher and the slide position error can be significant thus
producing an error in the CG offset.

[00130] Another criterion is the cabin acceleration is low. By primarily using
wheel speed as the indicator of cabin acceleration, the CG offset can update right at
the end of deceleration when the slide has not completely come to rest but is within
the bounds for updating the CG offset. Requiring low acceleration helps avoid this
issue. Another criterion is the sensed slide velocity is low. If the slide is moving or
there is a noisy velocity signal, this can appear as a non-zero velocity and the CG
offset may be in error.

[00131] Another criterion is the wheel velocity is low. Slide positions required
to overcome losses associated with motion can result in a CG offset that is not

applicable when at rest. Another criterion is the yaw rate (derived from wheel speed)
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is low. Small transients in slide position that occur when the vehicle is yawing can
couple into the position average. Another criterion is the reverse mode is disabled.
The vehicle speed passes through zero for most of the other criteria when
transitioning from forward to reverse, therefore disable the update when reverse mode
is enabled. In some embodiments, these at-rest (or substantially at-rest) conditions
can be required to persist for 0.5s, during which an average slide position can be
computed and the CG offset can be updated. The updated offset can then be low-pass
filtered to eliminate any transient disturbance as the updated CG offset is introduced
to the controllers.

[00132] When the machine enters a standby mode, the flag that indicates when
the CG offset has updated can be set to FALSE. This can enable the CG offset to
update every time the machine enters balance mode. Thus, if any weight has shifted
when the machine is statically stable, such as when boarding a new passenger, the
machine can update the new CG offset when it enters the balanced running mode.
When the balance mode is entered the machine can hold the motion commands to
zero until the CG offset updates. If the machine does not update within a period of
time, the update can be forced with a very long average for the slide position. This can
ensure that if the update failed because of, for example, a noise issue of some sort, or
some environmental factor like wind or slope, the CG offset can still update. If a CG
offset update is within some range of the previous, the update can be ignored. This
can be done because small updates do not need to be introduced since they will not

significantly affect the system performance.

Motor Current Capability Estimation

[00133] Propulsion system performance can be reduced as needed to maintain
vehicle voltage/speed margin or “headroom”. Indirectly, this also maintains some
wheel motor current or torque margin. It is really this torque margin that is desired to
be preserved. Since wheel motor torque may be defined as twisting effort, and since a
propulsion effort-limiting algorithm has been successfully implemented, performance
monitoring may now be based on maintaining effort margin. Since wheel motor
current translates to effort at the propulsion motors, the approach here is to estimate
the motor current capability based on the state of the battery and as a function of

motor speed. This capability estimate can apply to each of the two redundant halves
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of the propulsion system if redundancy is utilized. As such, it can be used in a way to
preserve enough effort margin to maintain balance of the vehicle with both redundant
sides running (i.e., two motor drives; each one driving a wheel of the vehicle), or to
preserve the margin required to continue to balance even when one side of the
redundant propulsion system goes off line.

[00134] The current capability estimator (CCE) estimates the capability of the
system to produce wheel motor current at the present speed using the present battery
state estimator (BSE) (see, for example, FIGS. 8A and 8B) values for open circuit
voltage and DC internal resistance. The current limit imposed by the motor drive is
included in this estimate. The capability estimate provided is equal to or somewhat
below the actual wheel motor current capability of the system over the full range of
operating speed. These margins may be tuned to be useful to the effort limiter
function in ensuring that balancing capability is preserved during balancing
operations. The capability estimate is equal to or less than the actual current
capability of the system over the full range of operating speed. It can eliminate the
need for limiting speed based on voltage margins as done for prior art systems.
[00135] FIG. 8A is a flowchart of a method for determining motor current
capability for a battery powered vehicle, according to an illustrative embodiment of
the invention. An estimate of the voltage the DC bus can sag to, at a given operating
speed, is needed. This voltage can be difficult to estimate accurately without using
iterative techniques because the motor current is translated to a battery power load
through the motor drive, that power causes the battery voltage to drop, that drop
causes the battery current to rise, that rise causes the battery voltage to drop further.
Therefore, the approach used here keeps the method simple with the drawback of
giving a conservative estimate at higher motor speeds. Thus, the voltage is
conservatively estimated based on the assumption that the battery current is the
maximum ever expected

[00136] The method includes estimating (step 836) a sagged battery voltage for
a vehicle battery during operation based on a predetermined maximum expected
battery bus current of the vehicle battery during operation 804, an estimated battery
open-circuit voltage (808), and an estimated battery resistance (812).

[00137] In one embodiment, the sagged battery voltage is estimated in

accordance with:
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Voat _sag =Voc —Ibat _max *Rpar EQN. 4
where Vpgr gqg is the estimated sagged battery voltage, V. is estimated battery

open-circuit voltage (as determined, for example, with respect to FIGS. 8A and 8B),

Ipat max 18 the predetermined maximum expected battery bus current (as

determined, for example, with respect to FIGS. 8A and 8B or, via simulation), and

Rpgt 18 the estimated battery resistance (as determined, for example, with respect to

FIGS. 8A and 8B).

[00138] The method also includes estimating (step 840) the motor current
capability for the battery powered vehicle based on operational speed of a motor 816
used to propel the battery powered vehicle, back EMF constant of the motor (820),
clectrical resistance of the motor windings (824), the sagged battery voltage (step
836), electrical inductance of the motor windings (828), and magnetic pole pair count
for the motor (832). The operational speed of the motor (816) is typically a measured
parameter. The back EMF constant of the motor windings (820), electrical resistance
of the motor windings (824), electrical inductance of the motor windings (828), and
magnetic pole pair count for the motor (832) are predetermined specifications for the
vehicle motors typically supplied by the motor manufacturer.

[00139] In one embodiment, the motor current capability for the battery

powered vehicle is determined in accordance with:

2

2 2
5 _Ke*|SPd|*Rmot+‘/VbatSag2*|:Rmot+(PP*SPd*Lmot)2}_(Ke*SPd *PP*LmotJ
]motimax(SPd)zﬁ*

ernot + (PP* Spd* Lot )2

EQN. 5
where I,or max 18 the motor current capability, Spd is the operating speed of the
motor, K, is the line-to-line back EMF constant of the motor windings, R, is the

line-to-line resistance of the motor windings, PP is the magnetic pole pair count for

the motor, and Z,,,, is the line-to-line inductance of the motor windings.

[00140] In some embodiments, the method also includes limiting the motor
current capability that is available for the battery powered vehicle (or which the
vehicle control system is allowed to use) based on a current limit of a motor drive for

driving the motor in accordance with:
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Tmot _cap (Spd) = min(lmot _lim>-{mot _max (Spd )) EQN. 6
where 1,,5¢ jim 18 @ prespecified current limit of the motor drive (e.g., specified by

the motor manufacturer) or a dynamically-adjusted current limit fed back to the
vehicle control system from the motor drive.

[00141] In some embodiments, the method also includes limiting the value of
the operating speed of the motor used in the estimation to a maximum no-load speed

of the motor based on Vpys  sqg in accordance with:

Vbat
Spd NoLoadEst :% EQN. 7
e
where Spd NopoadEs: 15 the maximum no-load speed.
[00142] FIG. 8B is a schematic illustration of an apparatus 850 for determining

motor current capability for a battery powered vehicle, according to an illustrative
embodiment of the invention. The apparatus 850 may practice, for example, the
method of FIG. 8A. The apparatus 850 includes a measurement module 854 for
measuring the operational speed of the vehicle motor 862. The apparatus 858 also
includes an estimation module 858 for estimating the sagged battery voltage and the
motor current capability based on the various motor parameters 866 and battery

parameters 868.

Battery Electrical State Estimation

[00143] A wide range of power sources are known for powering electrical
loads. Characterizing a power source’s power delivery capabilities can be beneficial
for knowing the end of discharge point or available output power of the power source.
In cases where the power source (e.g., a battery) provides power to an electrical load
(e.g., electric motor) that creates propulsion for a transporter, understanding the power
source’s power delivery capabilities permits determination of, for example, the
maximum operating speed of the transporter.

[00144] FIG. 9A is a circuit diagram model of a battery 935, according to an
illustrative embodiment of the invention. The battery 935 can drive an electrical load,
such as an electrical motor used in a transporter. The battery 935 can be modeled as

an open circuit voltage source (¥, 940) with internal impedance ( Rp,, 945) and
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current flowing in the circuit ( 75,4, 955). The battery voltage (V3,,950) can be

measured at the terminals 956 and 957.

[00145] FIG. 9B is a schematic illustration of an apparatus 964 (Battery State
Estimator “BSE”) for estimating an electrical state of the battery 935 of FIG. 9A,
according to an illustrative embodiment of the invention. A function of the BSE is to
estimate the performance characteristics of the battery based on a varying “open-

circuit” voltage source (7, ) and varying series DC resistance (Rbat) model of the

battery using the measured battery current 955 and terminal voltage 950 as inputs.
Rbat and Voc are then used by the system in, for example, estimating the motor
current capability (CCE) which is in turn used to limit the propulsion effort
commanded to ensure that pitch stability is maintained. Voc may also be used in
determining the end of discharge (empty battery) criteria.

[00146] In the presence of rapidly changing battery current (richness in the
data), the voltage and current relationship of the battery (its resistance) may be
determined immediately by the ratio of the difference of the battery voltage divided
by the difference of the battery current. Voc changes slowly and may be known when

little or no battery current is being drawn as ¥, =V,,.. Voc may be calculated based

on Vbat and resistive voltage drop in the battery when more current is being drawn.
A more immediate and accurate estimate of Rbat and Voc than done in prior art
systems may therefore be determined. Since the Voc estimate depends on a good
Rbat estimate, a quickly responding/converging Rbat estimate is desirable. And since
the Rbat estimate can respond quickly to changes in actual battery resistance, it is
possible (and desirable) to seed Rbat with something closer to the expected value of
the battery resistance (1.7 ohm in an exemplary embodiment) instead of a wildly
conservative value (4.8 ohms in an exemplary embodiment) as done for prior art
systems. Then, in the case of a high actual battery resistance, Rbat can reflect that
condition almost immediately (within a second or two) after richness is sustained in
the input data. The output can be low-pass filtered to avoid instantaneous changes in
Rbat or Voc.

[00147] Referring to FIG. 9B, power source (battery) 935 drives an electric
load 958. The apparatus 964 includes an input 965 for receiving initial values of

battery parameters. The apparatus 964 includes a measurement module 960 that is
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configured to acquire values of the battery voltage (¥, 950) and the battery current
draw (7, 955). The apparatus 964 also includes an estimation module 961
configured to calculate battery resistance ( Ry, ) based on the change in battery
voltage ( delta Vp,, ) and change in battery current draw ( delta Ip,; ). The estimation
module 961 is also configured to calculate open-circuit battery voltage (7. ) based on
the calculated battery resistance ( Ry, ), the battery current draw ( 7, ), and the
battery voltage (Vpq ).

[00148] FIG. 9C is a flowchart of a method for estimating the electrical state of
a battery using, for example, apparatus 964 of FIG. 9B. The method includes

initializing the value of Ry, (step 904) to a reasonable expectation of Rp,, for most
situations. A reasonable value of Ry, is the most likely case and because the
algorithm is capable of converging on the correct value of Ry, very quickly as

battery current is drawn, a high-resistance battery condition can be detected
essentially immediately. Slewing or filtering of signals will affect how quickly this

may occur. Accordingly in one embodiment, a conservative value of Rp,, is selected

that is on the higher range of expected values (e.g., 1.7 ohm).
[00149] The method also includes acquiring values of the battery voltage (¥,

950) and the battery current draw ( 75, 955) at a first point in time (step 908). The
method also includes monitoring (step 912) battery voltage (7, 950) and battery
current draw (7p,; 955). The method also includes acquiring (step 916) values of the
battery voltage (73, 950) and battery current draw ( I, 955) at a second point in

time when the change in battery voltage and the battery current draw between the first
and second points in time satisfies a predetermined criterion (914). Monitoring the
change in ¥}, makes the algorithm more sensitive if the battery resistance is high,
thus helping to detect a high battery resistance condition more quickly.

[00150] In this embodiment, the predetermined criterion is satisfied when the
change in battery voltage (V3,, 950) between the first and second points in time (e.g.,
within about 2 seconds) is greater than a predetermined voltage amount (e.g., greater

than £2.0 V) and the change in battery current draw ( 7p,, 955) between the first and

second points in time is greater than a predetermined current amount (e.g., non-zero,

greater than 0.1 A). A change of £2.0 V typically requires a +1.4 A delta for a
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healthy (1.4 ohm) battery. Using a non-zero value for deita Ip,, avoids division by
zero when calculating Rp,;. A change in current of £0.1 A allows battery resistance

to be as much as 20 ohms without inhibiting calculation. A time period of 2 seconds
allows for a relatively slow-changing current to still provide an accurate estimation of
the electrical state of the battery.

[00151] When the predetermined criterion is satisfied, the method includes
calculating the battery resistance (step 920) based on the change in battery voltage

and battery current draw between the first and second points in time in accordance

with:
delta Vit
Rpar =| ——2% EQN. 8
bat [delta Ipar ] Q
[00152] The method also includes calculating the open-circuit battery voltage

based on the calculated battery resistance, the battery current draw at the second point
in time, and the battery voltage at the second point in time (step 924) in accordance
with:

Voc =Vbat + Lbat * Rpat EQN.9
[00153] The method also includes repeating the steps at later points in time
(e.g., third, fourth) if a predetermined criterion is satisfied (step 928). In one
embodiment, the method includes acquiring values of the battery voltage and battery
current draw at a third point in time when the change in battery voltage between the
second and third points in time is greater than the predetermined voltage amount and
the change in battery current draw between the second and third points in time is
greater than the predetermined current amount. The method includes postponing
acquiring the values while the predetermined criterion is not satisfied.
[00154] In some embodiments, calculating open-circuit battery voltage based
on the calculated battery resistance, the battery current draw at the second point in
time, and the battery voltage at the second point in time (step 924) also includes
determining whether a presently calculated battery resistance has changed by more
than a predetermined percentage from a previously calculated battery resistance. In
one embodiment, the open-circuit battery voltage is calculated (step 924) based on the
calculated battery resistance if the presently calculated battery resistance has not
changed by more than a predetermined percentage relative to the previously

calculated battery resistance. In another embodiment, the open-circuit battery voltage
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is calculated (step 924) based on the previously calculated battery resistance if the
presently calculated battery resistance has changed by more than a predetermined
percentage relative to the previously calculated battery resistance.

[00155] Some transients, especially when the actual battery resistance suddenly

changes (like when testing with a switchable resistance) can cause the Ry, estimate

to be extremely high (80 ohms), for one update. By limiting the range of

permissible values for Rp,, to a prespecified range (e.g., 1 to 15 ohms), the value of
Rpqar used in the calculation is kept to a reasonable value for Ry, . In some
embodiments, Ry, is limited to changes of =10 % between updates. This aids in
preventing large, unrealistic excursions of Rp,,. This is important, because Rp,;
excursions affect ¥,,.. And the estimate can be impacted if a large, unrealistic change

occurs at a point in time when the system acquires new values. The adverse impact
can be limited by imposing the Rbat change limit. Using a percentage rather than a
constant makes allowable changes small for small values and larger for large values

of Rbat .

[00156] In some embodiments, steps 916, 920 and 924 are suspended during
predetermined operating conditions (e.g., during a change in operating mode (e.g.,
landing, takeoff)) for a vehicle being power by the battery. In some embodiments,
steps 916, 920 and 924 are suspended when the vehicle is regeneratively braking for a
predetermined period of time.

[00157] In various embodiments, the disclosed methods can be implemented as
a computer program product for use with a computer system. Such implementations
can include a series of computer instructions fixed either on a tangible medium, such
as a computer readable medium (e.g., a diskette, CD-ROM, ROM, or fixed disk) or
transmittable to a computer system, via a modem or other interface device, such as a
communications adapter connected to a network over a medium. The medium can be
either a tangible medium (e.g., optical or analog communications lines) or a medium
implemented with wireless techniques (e.g., microwave, infrared or other
transmission techniques). The series of computer instructions embodies all or part of
the functionality previously described herein with respect to the system. Those

skilled in the art should appreciate that such computer instructions can be written in a
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number of programming languages for use with many computer architectures or
operating systems.

[00158] Furthermore, such instructions can be stored in any memory device,
such as semiconductor, magnetic, optical or other memory devices, and can be
transmitted using any communications technology, such as optical, infrared,
microwave, or other transmission technologies. It is expected that such a computer
program product can be distributed as a removable medium with accompanying
printed or electronic documentation (e.g., shrink wrapped software), preloaded with a
computer system (e.g., on system ROM or fixed disk), or distributed from a server or
clectronic bulletin board over the network (e.g., the Internet or World Wide Web). Of
course, some embodiments of the invention can be implemented as a combination of
both software (e.g., a computer program product) and hardware. Still other
embodiments of the invention are implemented as entirely hardware, or entirely
software (e.g., a computer program product).

[00159] The described embodiments of the invention are intended to be merely
exemplary and numerous variations and modifications will be apparent to those
skilled in the art. All such variations and modifications are intended to be within the

scope of the present invention as defined in any appended claims.
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CLAIMS

1. A method for controlling speed of a vehicle, the vehicle comprising a support,
at least one wheel, a platform coupled to the at least one wheel, a coupling structure
having a support portion coupled to the support and a platform portion coupled to the
platform that allows the support portion to move or slide fore and aft with respect to
the platform portion, an actuator coupled to the coupling structure to control the
position of the support portion relative to the platform portion, a drive coupled to the
at least one wheel to deliver power to the at least one wheel to propel the vehicle and
maintain the platform at a desired orientation, and a controller coupled to the drive to
control the drive and coupled to the actuator to control the actuator, the method
comprising:
determining position of the coupling structure support portion relative to the
position of the coupling assembly platform portion; and
controlling torque applied by the at least one wheel to an underlying surface
by commanding the coupling structure to vary the position of the
support portion relative to the platform portion while maintaining the
platform at the desired orientation.
2. The method of claim 1, comprising specifying a specific position of the
support portion relative to the platform portion to control the torque applied by the at
least one wheel to the underlying surface to achieve a desired speed for the vehicle.
3. The method of claim 2, wherein the specific position is determined based on
the vehicle operating mode.
4. The method of claim 1, comprising receiving a vehicle speed command value
from a user or controller and varying the position of the support portion relative to the
platform portion to control the torque applied by the at least one wheel to the
underlying surface to achieve the vehicle speed command value.
5. The method of claim 1, comprising receiving speed feedback signals from the
at least one wheel, coupling structure speed, or both to command the coupling
structure to vary the position of the support portion relative to the platform portion to
control the torque applied by the at least one wheel to the underlying surface to
control the speed of the vehicle.
6. The method of claim 1, wherein the controller comprises a speed limiter

module configured to constrain the size of a speed command signal to constrain the
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torque applied by the at least one wheel to the underlying surface to constrain the
speed of the vehicle over a period of time in response to varying the position of the
support portion relative to the platform portion over the period of time.

7. The method of claim 1, wherein the coupling structure is a slide assembly, the

support portion is a rail, and the platform portion is a rail guide.

8. The method of claim 1, wherein the coupling structure is a four bar linkage.
9. A vehicle comprising:
a support;

at least one wheel;

a platform coupled to the at least one wheel;

a coupling structure having a support portion coupled to the support and a
platform portion coupled to the platform that allows the support portion to
move or slide fore and aft with respect to the platform portion;

an actuator coupled to the coupling structure to control the position of the
support portion relative to the platform portion,

a drive coupled to the at least one wheel to deliver power to the at least one
wheel to propel the vehicle and maintain the platform at a desired
orientation; and

a controller coupled to the drive to control the drive and coupled to the
actuator to control the actuator, wherein torque applied by the at least one
wheel to an underlying surface vehicle is controlled by commanding the
coupling structure to vary position of the support portion relative to the
platform portion while maintaining the platform at the desired orientation.

10. The vehicle of claim 9, wherein the controller is configured to command a
specific position of the support portion relative to the platform portion to control the
torque applied by the at least one wheel to the underlying surface to achieve a desired
speed for the vehicle.

11.  The vehicle of claim 9, comprising an input device for receiving a vehicle
speed command value from a user or controller and varying the position of the
support portion relative to the platform portion to control the torque applied by the at
least one wheel to the underlying surface to achieve the vehicle speed command

value.
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12.  The vehicle of claim 9, comprising a wheel speed sensor and a coupling
structure speed sensor to provide signals to the controller to command the coupling
structure to vary the position of the support portion relative to the platform portion to
control the torque applied by the at least one wheel to the underlying surface to
control the speed of the vehicle.

13. The vehicle of claim 9, comprising a speed limiter module configured to
command the controller to constrain the size of a speed command signal to constrain
the torque applied by the at least one wheel to the underlying surface to constrain the
speed of the vehicle over a period of time in response to varying the position of the
support portion relative to the platform portion over the period of time.

14.  The vehicle of claim 9, wherein the coupling structure is a slide assembly, the
support portion is a rail, and the platform portion is a rail guide.

15. The vehicle of claim 9, wherein the coupling structure is a four bar linkage.

16. A method for maintaining a balancing margin for a dynamically-balancing
vehicle, the vehicle comprising a support, at least one wheel, a platform coupled to
the at least one wheel, a coupling structure having a support portion coupled to the
support and a platform portion coupled to the platform that allows the support portion
to move or slide fore and aft with respect to the platform portion, an actuator coupled
to the coupling structure to control the position of the support portion relative to the
platform portion, a drive coupled to the at least one wheel to dynamically balance the
vehicle and provide power to the at least one wheel to propel the vehicle, and a
controller coupled to the drive to control the drive and coupled to the actuator to
control the actuator, the method comprising:
determining present operating wheel torque for the vehicle;
determining present wheel torque capability of the vehicle; and
controlling the coupling structure to control the position of the support
portion relative to the platform portion based on the present operating
wheel torque and the present wheel torque capability to maintain
propulsion capability margins required for balancing the vehicle.
17. The method of claim 16, comprising enabling the coupling structure to only
command positions that maintain balance of the vehicle.
18. The method of claim 17, wherein the coupling structure is enabled to only

command positions where the sum of the present operating wheel torque and torque
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required for balancing the vehicle demands a motor current level which is below
estimated available drive motor current of a power source used to power operation of
the vehicle.

19.  The method of claim 16, comprising controlling the speed of the vehicle based
on commanded, measured or estimated fore/aft torque, yaw torque, or both.

20. The method of claim 16, wherein the coupling structure is a slide assembly,
the support portion is a rail, and the platform portion is a rail guide.

21. The method of claim 16, wherein the coupling structure is a four bar linkage.

22. A dynamically-balancing vehicle, the vehicle comprising:

a support;

at least one wheel;

a platform coupled to the at least one wheel;

a coupling structure having a support portion coupled to the support and a
platform portion coupled to the platform that allows the support portion to
move or slide fore and aft with respect to the platform portion;

an actuator coupled to the coupling structure to control the position of the
support portion relative to the platform portion,

a drive coupled to the at least one wheel to dynamically balance the vehicle
and provide power to the at least one wheel to propel the vehicle; and

a controller coupled to the drive to control the drive and coupled to the
actuator to control the actuator, wherein speed of the vehicle is
controlled by commanding the coupling structure to control the
position of the support portion relative to the platform portion based on
present operating wheel torque for the vehicle and present wheel
torque capability to maintain propulsion capability margins required
for balancing the vehicle.

23. The vehicle of claim 22, comprising a position sensor to determine actual
position of the support portion relative to the platform portion, wherein the controller
compares position commands to the actual position and outputs actuator commands
based on the comparison.

24, The vehicle of claim 22, comprising an effort limiter module coupled to the
controller to enable the coupling structure to only command positions that maintain

balance of the vehicle.
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25. The vehicle of claim 24, wherein the effort limiter is configured to only enable
the coupling structure to command positions where the sum of the present operating
wheel torque and the torque required for balancing the vehicle demands a motor
current level which is below estimated available drive motor current of a power
source used to power operation of the vehicle.

26. The vehicle of claim 22, comprising a user input for commanding fore/aft
speed, yaw rate, or both, of the vehicle and the controller is configured to control the
speed of the vehicle based on the commanded, measured or estimated fore/aft torque,
yaw torque, or both.

27.  The vehicle of claim 22, wherein the coupling structure is a slide assembly,
the support portion is a rail, and the platform portion is a rail guide.

28. The vehicle of claim 22, wherein the coupling structure is a four bar linkage.

29. A method for balancing a dynamically-balancing vehicle, the vehicle
comprising a support, at least one ground-contacting element, a platform coupled to
the at least one ground-contacting element, a coupling structure having a support
portion coupled to the support and a platform portion coupled to the platform that
allows the support portion to move or slide fore and aft with respect to the platform
portion, an actuator coupled to the coupling structure to control the position of the
support portion relative to the platform portion, a drive coupled to the at least one
ground-contacting element to dynamically balance the vehicle and deliver power to
the at least one ground-contacting element to propel the vehicle, and a controller
coupled to the drive to command the drive and coupled to the actuator to control the
actuator, the method comprising:
determining position of the coupling structure support portion relative to the
coupling structure platform portion; and
controlling position of the coupling structure support portion relative to the
coupling structure platform portion to move position of the vehicle
center of gravity while dynamically balancing the vehicle.
30. The method of claim 29, comprising moving the support portion relative to the
platform portion to dynamically balance the vehicle while the vehicle is at a
commanded rest position relative to an underlying surface and the support is at least

substantially level.
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31. The method of claim 29, comprising varying position of the support portion
relative to the platform portion in response to a change in the position of the vehicle
center of gravity.

32. The method of claim 29, wherein the step of controlling position of the
support portion relative to the platform portion is performed in response to vehicle
fore/aft speed commands, yaw rate commands, or both, satisfying one or more
predetermined conditions.

33.  The method of claim 29, wherein the step of controlling position of the
support portion relative to the platform portion is performed when the vehicle is
operating in a predetermined mode of operation.

34. The method of claim 29, comprising disabling the step of controlling position
during vehicle takeoff and landing modes.

35. The method of claim 34, comprising enabling the step of controlling position
after the vehicle enters a balancing mode from the takeoff mode.

36.  The method of claim 29, wherein the coupling structure is a slide assembly,
the support portion is a rail, and the platform portion is a rail guide.

37.  The method of claim 29, wherein the coupling structure is a four bar linkage.

38. A dynamically-balancing vehicle, the vehicle comprising:

a support;

at least one ground-contacting element;

a platform coupled to the at least one ground-contacting element;

a coupling structure having a support portion coupled to the support and a
platform portion coupled to the platform that allows the support portion to
move or slide fore and aft with respect to the platform portion;

an actuator coupled to the coupling structure to control the position of the
support portion relative to the platform portion;

a drive coupled to the at least one ground-contacting element to dynamically
balance the vehicle and provide power to the at least one ground-
contacting element to propel the vehicle; and

a controller coupled to the drive to control the drive and coupled to the
actuator to control the actuator, and wherein the controller balances the
vehicle by determining position of the coupling structure support

portion relative to the coupling structure platform portion and
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controlling position of the coupling structure support portion relative to
the coupling structure platform portion to move position of the vehicle
center of gravity while dynamically balancing the vehicle.
39.  The vehicle of claim 38, wherein the controller is configured to move the
support portion relative to the platform portion to dynamically balance the vehicle
while the vehicle is at a commanded rest position relative to an underlying surface and
the support is at least substantially level.
40. The vehicle of claim 38, wherein the controller is configured to vary position
of the support portion relative to the platform portion in response to a change in the
position of the vehicle center of gravity.
41. The vehicle of claim 38, wherein the step of controlling position of the support
portion relative to the platform portion is performed in response to vehicle fore/aft
speed commands, yaw rate commands, or both, satisfying one or more predetermined
conditions.
42. The system of claim 38, wherein the step of controlling position of the support
portion relative to the platform portion is performed when the vehicle is operating in a
predetermined mode of operation.
43. The system of claim 38, wherein the controller is configured to disable the
step of controlling position during vehicle takeoff and landing modes.
44. The system of claim 43, wherein the controller is configured to enable the step
of controlling position after the vehicle enters a balancing mode from the takeoff
mode.
45.  The vehicle of claim 38, wherein the coupling structure is a slide assembly,
the support portion is a rail, and the platform portion is a rail guide.

46.  The vehicle of claim 38, wherein the coupling structure is a four bar linkage.

47. A method for determining motor current capability for a battery powered
vehicle, the method comprising:
estimating a sagged battery voltage for a vehicle battery during operation based
on:
a) a predetermined maximum expected battery bus current of the vehicle
battery during operation,
b) an estimated battery open-circuit voltage, and

¢) an estimated battery open-circuit resistance; and
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estimating motor current capability for the battery powered vehicle based on:
d) operational speed of a motor used to propel the battery powered vehicle,
¢) back EMF constant of the motor windings,
f) electrical resistance of the motor windings,
g) the sagged battery voltage,
h) electrical inductance of the motor windings, and

1) magnetic pole pair count for the motor.

48. The method of claim 47, wherein the sagged battery voltage for a vehicle

battery during operation is estimated in accordance with:
Vbat _sag = Voe = Ibat _ max *Rpat »
where Vpgr gqg is the estimated sagged battery voltage, V. is estimated battery

open-circuit voltage, Ip,t max 1s the predetermined maximum expected battery bus

current, and Rpg; is the estimated battery open-circuit resistance.

49. The method of claim 48, wherein the motor current capability for the battery

powered vehicle is estimated in accordance with:

2
9 -Ke *|Spd|*Rm0t ""‘/Vbat_sag2 *[R}gnot +(PP*SPd *Lmot)z}_(Ke *Sde *PP*Lmotj

Tmot max(SPd): ==
B V3 R}gnot + (PP *Spd * Lo )2
where 1ot max 18 the motor current capability, Spd is the operating speed of the

motor, K, is the line-to-line back EMF constant of the motor windings, R,,,; is the

line-to-line resistance of the motor windings, PP is the magnetic pole pair count for

the motor, and Z,,,, is the line-to-line inductance of the motor windings.

50. The method of claim 49, comprising limiting the motor current capability for
the battery powered vehicle based on a current limit of a motor drive for driving the

motor in accordance with:
Tmot _cap (Spd) = min(lmot _lim-Imot _max (Spd ))

where Ip,0¢ 1m 18 the current limit of the motor drive.
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51. The method of claim 49, comprising limiting the value of the operating speed

of the motor used to a maximum no-load speed of the motor based on Vpys g4 in

accordance with:

Vbat _sag

Spd NoLoadEst = , where Spd NopoadEse 18 the maximum no-load

e

speed.

52.  An apparatus for determining motor current capability for a battery powered
vehicle, the apparatus comprising:
a measurement module configured to:
measure operational speed of a motor used to propel the battery powered
vehicle; and
an estimation module configured to:
estimate a sagged battery voltage for a vehicle battery during operation
based on:
a) a predetermined maximum expected battery bus current,
b) an estimated battery open-circuit voltage,
¢) an estimated battery open-circuit resistance; and
estimate motor current capability for the battery powered vehicle based on:
d) operational speed of a motor used to propel the battery powered
vehicle,
¢) back EMF constant of the motor windings,
f) electrical resistance of the motor windings,
g) the sagged battery voltage,
h) electrical inductance of the motor windings, and

1) magnetic pole pair count for the motor.

53. The apparatus of claim 52, wherein the estimation module is configured to
estimate the sagged battery voltage for a vehicle battery during operation in

accordance with:

Vbat _sag = Voe = Ibat _ max *Rpat »
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where Vpgr gqg is the estimated sagged battery voltage, V. is estimated battery
open-circuit voltage, Ipg; gy is the predetermined maximum expected battery bus
current, and Rp,; is the estimated battery open-circuit resistance.

54. The apparatus of claim 53, wherein the estimation module is configured to

estimate the motor current capability for the battery powered vehicle in accordance

with:

2
2
2 _Ke*|SPd|*Rmot+\/Vbatsagz*[R}%wt+(PP*SPd*LmOZ)2}_(Ke*SPd >l‘PP*LmOZJ

Iimot max(Spd):_*
N ﬁ R}%wt + (PP * Spd * Lot )2
where 7,,0; max 18 the motor current capability, Spd is the operating speed of the

motor, K, is the line-to-line back EMF constant of the motor windings, R,,,; is the

line-to-line resistance of the motor windings, PP is the magnetic pole pair count for

the motor, and Z,,,; is the line-to-line inductance of the motor windings.

55. The apparatus of claim 54, wherein the estimation module is configured to
limit the motor current capability for the battery powered vehicle based on a current

limit of a motor drive for driving the motor in accordance with:
Tmot _cap (Spd) = min(lmot _lim-Amot _max (Spd))
where I,;0; 1m 18 the current limit of the motor drive.

56. The apparatus of claim 54, wherein the estimation module is configured to
limit the value of the operating speed of the motor used to a maximum no-load speed

of the motor based on Vpys  gqg in accordance with:

Vbat _sag . .
Spd NoLoadEst = — where Spd NploadEse 18 the maximum no-load
e
speed.
57. A method for estimating an electrical state of a battery providing power to an

clectrical load, the method comprising:
a) acquiring values of the battery voltage and the battery current draw at a first

point in time;
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58.

59.

60.

b) monitoring battery voltage and battery current draw;

¢) acquiring values of the battery voltage and battery current draw at a second
point in time when the change in battery voltage between the first and
second points in time is greater than a predetermined voltage amount and
the change in battery current draw between the first and second points in
time is greater than a predetermined current amount;

d) calculating battery resistance based on the change in battery voltage and
battery current draw between the first and second points in time; and

¢) calculating open-circuit battery voltage based on the calculated battery
resistance, the battery current draw at the second point in time, and the
battery voltage at the second point in time.

The method of claim 57, comprising:

repeating step b);

f) acquiring values of the battery voltage and battery current draw at a third
point in time when the change in battery voltage between the second and
third points in time is greater than the predetermined voltage amount and
the change in battery current draw between the second and third points in
time is greater than the predetermined current amount;

repeating step d); and

repeating step e).

The method of claim 57, comprising:

repeating step b);and

f) postponing acquiring values of the battery voltage and battery current draw
at a third point in time until the change in battery voltage between the
second and third points in time is greater than the predetermined voltage
amount and the change in battery current draw between the second and
third points in time is greater than the predetermined current amount.

The method of claim 57, wherein step ¢) comprises determining whether a

presently calculated battery resistance has changed by more than a predetermined

percentage from a previously calculated battery resistance.

61.

The method of claim 60, comprising calculating open-circuit battery voltage

based on the calculated battery resistance if the presently calculated battery resistance
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has not changed by more than a predetermined percentage relative to the previously
calculated battery resistance.

62. The method of claim 60, comprising calculating open-circuit battery voltage
based on the previously calculated battery resistance if the presently calculated battery
resistance has changed by more than a predetermined percentage relative to the
previously calculated battery resistance.

63.  The method of claim 57, comprising suspending steps ¢), d) and ¢) during
predetermined operating conditions for a vehicle being power by the battery.

64.  The method of claim 63, wherein steps c), d) and e) are suspended when the

vehicle is regeneratively braking for a predetermined period of time.

65.  An apparatus for estimating an electrical state of a battery providing power to
an electrical load, the apparatus comprising:

a measurement module configured to a) acquire values of the battery voltage
and the battery current draw at a first point in time, b) monitor battery
voltage and battery current draw, and c) acquire values of the battery
voltage and battery current draw at a second point in time when the change
in battery voltage between the first and second points in time is greater
than a predetermined voltage amount and the change in battery current
draw between the first and second points in time is greater than a
predetermined current amount; and

an estimation module configured to d) calculate battery resistance based on the
change in battery voltage and battery current draw between the first and
second points in time and e) calculate open-circuit battery voltage based
on the calculated battery resistance, the battery current draw at the second
point in time, and the battery voltage at the second point in time.

606. The apparatus of claim 65, wherein the measurement module is configured to
repeat step b), f) acquire values of the battery voltage and battery current draw at a
third point in time when the change in battery voltage between the second and third
points in time is greater than the predetermined voltage amount and the change in
battery current draw between the second and third points in time is greater than the
predetermined current amount, repeat step d); and repeat step e).

67. The apparatus of claim 65, wherein:

the measurement module is configured to repeat step b), and
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the estimation module is configured to f) postpone acquiring values of the
battery voltage and battery current draw at a third point in time until the
change in battery voltage between the second and third points in time is
greater than the predetermined voltage amount and the change in battery
current draw between the second and third points in time is greater than
the predetermined current amount.
68. The apparatus of claim 65, wherein the measurement module is configured to
determine whether a presently calculated battery resistance has changed by more than
a predetermined percentage from a previously calculated battery resistance.
69. The apparatus of claim 68, wherein the estimation module is configured to
calculate open-circuit battery voltage based on the calculated battery resistance if the
presently calculated battery resistance has not changed by more than a predetermined
percentage relative to the previously calculated battery resistance.
70. The apparatus of claim 68, wherein the estimation module is configured to
calculate open-circuit battery voltage based on the previously calculated battery
resistance if the calculated battery resistance has changed by more than a
predetermined percentage relative to the previously calculated battery resistance.
71. The apparatus of claim 65, wherein the apparatus is configured to suspend
steps ¢), d) and ¢) during predetermined operating conditions for a vehicle being
power by the battery.
72.  The apparatus of claim 71, wherein the apparatus is configured to suspend
steps ¢), d) and e) when the vehicle is regeneratively braking for a predetermined

period of time.
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