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ABSTRACT

A controller for providing user input of a desired direction of motion or
orientation for a transporter. The controller has an input for receiving specification by
a user of a value based on a detected body orientation of the user. User-specified input
may be conveyed by the user using any of a large variety of input modalities,
including: ultrasonic body position sensing; foot force sensing; handlebar lean; active
handlebar; mechanical sensing of body position; and linear slide directional input. An
apparatus that may include an active handlebar is provided for prompting a rider to be
positioned on a vehicle in such a manner as to reduce lateral instability due to lateral

acceleration of the vehicle.
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Control of a Personal Transporter based on User Position

FIELD OF THE INVENTION

The present invention pertains to control of personal transporters, and more

particularly to devices and methods for providing user input with respect to either

directional or velocity control of such transporters (having any number of ground-

contacting elements) based on the position or orientation of a user.

BACKGROUND

Dynamically stabilized transporters refer to personal transporters having a control
systemn that actively maintains the stability of the transporter while the transporter is
operating. The contral system maintains the stability of the transporter by continuousty
sensing the orientation of the transporter, determining the corrective action to maintain
stability, and commanding the wheel motors to make the corrective action. -

For vehicles that maintain a stable footprint, coupling between steering control, on
the one hand, and control of the forward motion of the vehicles is not an issue of concemn
since, 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 transporter,
however, any torque applied to one or more wheels affects the stability of the transporter.
Coupling between steering and balancing control mechanisms is one subject of U.S.
Patent No. 6,789,640, Directional inputs that advantageously provide intuitive and
natural integration of human control with the steering requirements of a balancing vehicle

are the subject of the present invention.

SUMMARY OF THE INVENTION

In accordance with preferred embodiments of the present invention, a controller is

provided that may be employed for providing user input of & desired direction of motion
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or orientation for a transporter. The controller has an input for receiving specification by a
user of a value based on a detected body orientation of the user.

User-specified input may be conveyed by the user using any of a large variety of
input modalities, including: ultrasonic body position sensing; foot force sensing;
handlebar lean; active handlebar; mechanical sensing of body position; and linear shide
directional input.

In those embodiments of the invention wherein the transporter is capable of
balanced operation on one or more ground-contacting elements, an iuput is provided for
receiving specification from the user of a desired direction of motion, or a desired
velocity value based on a detected body orientation of the user. A processor generates a
commend signal based at Jeast on the user-specified direction and velocity value in
conjunction with a pitch command signal that is based on a piich error in such a manner
2s to maintain balance of the transporter in the course of achieving the specified direction
and velocity. The input of a desired direction may also include a user-specified yaw
value, yaw rate value, or fore/aft direction.

In various other embodiments of the invention, the comtroller has a summer for

differencing an instantaneous yaw value from the user-specified yaw value to generate a

yaw error value such that the yaw command signal generated by the processar is based at
Jeast in part on the yaw error value. The input for receiving user specification may inctude
a pressure sensor disposed to detest orientztion of the user, an ultrasonic sensor disposed
to detect orientation of the user, or a force sensor disposed on a platform supporting the
user for detecting weight distribution of the user. In yet other embodiments, the input for
receiving user specification includes a sheft disposed in & plane transverse to an axis
characterizing rotation of the two laterally disposed wheels, the desired directivon and
velocity specified on the basis of orientation of the shaft

In accordance with further smbodiments of the invention, the balancing
transporter may includes a handlebar, and the controller may further have a powered pivot
for positioning the handlebar based at least upon one of lateral acceleration and roll angle
of the transporter. In particular, the controller may have a position loop for commanding a
handiebar position substantially proporticonal to the difference in the square of the velocity
of a first wheel and the square of the velocity of a second wheel.

2
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In accordance with yet other embodiments of the inventior, an apparatus is
provided for prompting a rider to be positioned on a vehicle in such a manner as to reduce
lateral instability due to lateral acceleration of the vehicle. The apparatus has an input for
receiving specification by the rider of a desired direction of travel and an indicating
means Tor reflecting to the rider a desired instantaneous body orientation based at least on
current lateral acceleration of the vehicle. The indicating means may include a handlebar
pivotable with respect to the vehicle, the handlebar driven in response to vehicle tirning,

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of the invention will be more readily understood by
reference to the following detailed description, taken with referance to the accompanying
drawings, in which:

Fig. 1 shows a personal transporter, as described in detail im U.S. Patent no.
6,302,230, to which the present invention may advantageously be applied,

Fig. 2 shows a block diagram showing the constitutive inputs and outputs of 2 yaw
commarnd in a system architecture to which the present imvention may be advantageously
applied;

Fig. 3A is an exploded view of components of a yaw contro] mechanism showing
a yaw control grip coupled to a user interface of a personal transporter, in accordance
with an embodiment of the present invention; ’

Fig. 3B shows a detailed exploded view of the yaw control grip of Fig. 34;

Fig. 3C shows the integral yaw control sensor of the yaw comirol mechanism of
Fig. 34,

Fig. 4 shows a schematic block diagram of 2 yaw-feedback control system in
accordance with embodiments of the present invention;

Fig. 5A is a schematic top view of a rider in positions indicating full square
positioning, 2 tilt to the left, and a counterclockwise rotation, respectively;

Fig. 5B is a front view of a hip collar for detecting changes in rider orientation to
cantrol yaw in accordance with an embodiment of the present invention;

Fig. 5C is a diagram of an ultrasound transmitter/receiver configuration in
ac-cordancc with various embodiments of the present invention;

3
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Fig. 5D is a waveform timing display of ultrasound signals transmitted and
received by components of embodiments of the present invention depicted in Fig. 44;

- Fig. 6A is a top view of the platform of a personal transporter with the pressure
plate removed, indicating the placement of feet-force pressure sensors in accordance with
various embodiments of the present invention;

Fig. 6B is a diagram of a pressure plate for application of force by a user in
embodiments of the present invention depicted in Fig. 64;

Fig. 6C is 2 schematic depicting the development of 2 yaw command signal from
the foot-force sensors of Fig. 6A, in accordance with an embodiment of the present
mvention,

Fig, 6D shows a deadband in the command as a function of yaw mput;

Fig. 6E shows a ramp fumction for switching yaw conimand in reverse as a
function of w]ﬁcel velocity;

Fig. 7A shows a handlebar lean device for control mput to & personal transporter
in accordance with embodiments of the present invention;

Fig. 7B shows a handlebar lean device with flexure coupling of the control stalk to
the ground-contacting module for contro] imput to a personal transporter in accordance
with embocﬁmenfs of the present invention;

Fig. 7C shows a further handlebar lean device with separated handles for control
input to a personal transporter in accordance with embodiments of the present invention;
Fig. 7D shows a rotating handlebar device for control input to & personal

transporter in accordance with embodiments of the present invention
‘Fig. 7E shows 2 handlebar lean device for control input to a personal transporter
in accordance with embodiments of the present invention;
Fig. 7F shows a shock absorber and damping adjustment for use with the
embodiment of the invention depicted in Fig. 7A;

Fig. 7G is 2 block schematic of a mixer block for combining yaw input and roll
information in accardance with embodiments of the present invention;

Fig. 7H shows a handlebar bearing and détente allowing the rotational degree of
freedom of the handlebar to be locked in accordance with an embodiment of the present

ivention;
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Fig. 8A shows the response of the active handlebar to a roll distu:ba.ﬁce, in
accordance with an embodiment of the present invention;

Figs, 8B and 8C show front and bacl views of active handlebar response during a
high-speed tum, in accordance with an embodiment of the present invention;

Figs. 9A and 9B show the basic mechanical hardware layout of the powered
handlebar embodiment of Figs. 8A-8C;

Fig. 10A shows a front view of 2 knee position sensor for providing steering mput
to a personal transporter in accordance with embodiments of the present invention; -

Fig. 10B shows a centering mechanism employed in conjunction with the knee
position sensor of Fig. 104,

Fig. 10C shows hip position sensors for providing user yaw input in accordance
with an embodiment of the present invention;

Fig. 10D shows a torso position sensor for providing user yaw input in accordance
with an embodiment of the present invention; and

Fig. 11 depicts a Imear shde footplate mechanistn in accordance with yet another

embodiment of the present invention.

DETAILED DESCRIPTION

A personal transporter may be said to act as ‘balancing’ if it is capable of
operation on cne or more wheels but would be umable o stand on the wheels but for
operation of a control loop governing operation of the wheels. A balancing personal
transporter lacks static stability but is dynamically balanced. The whesls, ar other ground-
contacting elements, that provide contact between such a personal transporter and the
ground or other underlying surface, and minimally support the transporter with respect to
tipping during routine operation, are referred to herein as ‘primary ground-contacting
elements.’

Fig. 1 shows a balancing perscnal transporter, designated generally by numeral
10, and described in detail in U.S. Patent no. 6,302,230, as an example of a device to
which the present invention may advamtageously be applied. A subject 8 stands on a
support platform 12 and holds a grip 14 on a handle 16 attached to the platform 12. A

control loop may be provided so that leaning of the subject results in the application of
5
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torque to wheel 20 about axle 22 by means of a motor drive depicted schematically in
Fig. 2, as discussed below, thereby causing an acceleration of the transporter. Transporter
10, however, is statically unstable, and, absent operation of the contra! loop to maintain
dynamic stability, transporter 10 will no longer be able to operate in its typical operating
orientation. "Stability” as used in this description and in any appended clairms refers to the
mechanical condition of an oj:)eraﬁng position with respect to which the system will
naturally return if the system is perturbed away from the operating position m any
respect.

Different numbers of wheels or other ground-contacting members may
advantageously be used in various embodiments of the invention as particularty suited to
varying applications. Thus, within the scope of the present invention, the number of
ground-comtacting members may be any number equal to, or greater than, one. A personal
transparter méy be sagd to act as “balancing’ if it is capable of operation on one or more
wheels (or other ground-contacting elements) but would be unable to stand stably on the
wheels but for operation of a control loop governing operation of the whesls, The wheels,
or other ground-contacting elements, that provide comtact between such a personal
transporter and the ground or other underlying surface, and minimally support the
wansporter with respect to tipping during routine operation, may be referred to herein as
‘primary ground-contacting elements.” A transporter such as transporter 10 may
advantageously be used as a mobile work platform or a recreational vehicle such as a golf
cart, or as a delivery vehicle.

The term "lean", as used herein, refers to the angle with respect to the local
vertical direction of a line that passes through the center of mass of the system and the
center of rotation of a ground-contacting element supporting the system above the ground
at 2 given moment. The term "system" refers to all mass caused to move due to motion of
the ground-contacting elements with respect to the surface over which the vehicle is
moving.

"Stability" as used in this description and in any appended claims refers to the
mechanical condition of an operating position with respect to which the system will
naturally return if the system is perturbed away from the operating position in any

respect.
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One mechanism for providing user input for a yaw control system of a personal
transporter is described in dstail in US Patent Application Serial No. 10/308,850. As
described therein and as shown in Figs. 3A-3C, a user mounied on the transporter may
provide yaw control input to a yaw controiler 502 (shown in Fig. 2) by rotating yaw grip
assembly 800, shown in detail m Fig. 3B.

Fig. 2 depicts the differencing, in summer 522, of the current yaw value y with
respect to the desired yaw value Weesicea t0 Obtain the current yaw error Weq . Desired yaw
value Wesieq 1s obtained from a user input, various embodiments of which are described
herein. The current value yw of yaw is derived from various state estimates, such as the
differential whee! velocities, inertial sensing, etc. Derivation of the yaw command from
the yaw error is provided by motor controller 72 according to various processing
algarithms described, for example, in US Patent no. 6,288,505, and applied to left and
right motors 28 and 30, respectively.

With particular reference to Fig. 3A, one embodiment of user mterface 14 has
twin hollow stalks 802, one on either side, either of which may serve interchangeably to
support yaw grip assembly 800. Thus yaw may advantageously be controlled by a
specified hand (right or left), either side of central control shait 16. Yaw grip assembly
800 comprises a grip 804 which is rotated about an axis 806 coaxiel with stalks 802.
Spring damper 808 provides an opposing force to rotation of yaw grip 804 and returms
yaw grip 804 to the central neutral position. Yaw grip 804 contains at least one magnet
810 (two are shown in Fig. 3B, in accordance with a preferred embodiment), the rotation
of which about axis 806 allows the rotational orientation of grip 804 to be sensed by
sensor unit 812 (shown in Fig. 3C) which is disposed within protruding stalk 802. Thus,
user interface 14 may be sealed at its ends with fixed yaw grips 814 and the integral
sealed nature of the user interface is not compromised by the yaw control input. Sensor
unit 812 may contain Hall effect sensors which are preferably redundant to ensure fail-
safe operation. Other magnetic sensors may also be employed within the scope of the
present invention.

Fig. 4 shows a block diagram for the yaw feedback control system, in accordance
with one embodiment of the invention. The LateralAccelScale function 42 reduces the
effect of the yaw input 40 at higher wheel speeds and at higher centripetal acceleration.

7
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Feedback 44, used to regulats the commanded yaw velocity, contains a yaw position term
45 to maintain yaw position, a velocity squared term 46 that will attempt to regulate the
yaw velocity to zero, and a feedforward term 49 used to provide better yaw command
response to the user.

From Fig. 4, it is apparent that the feedforward term 49 must dominate for rapid
maneuvers in order to provide a responsive system. The velocity-squared feedback 46
deviates from linear control theory and has the effect of providing nonlinear yaw velocity
damping.

Several alternatives o a twist grip input device for specifying user directional or

velocity input are now described.

Body Position Sensing

In accordance with various embodiments of the present invention, a device which
detects the body position of the rider is employed to control fore/aft motion or steering of
a transporter. For purposes of yaw control, in accordance with various embodiments of
the invention, sensors detect whether the hips or shoulders of a rider, shown
schematically from above in Fig. 5A, are squarely aligned, or are translated in 2 Jateral
direction 51 or else rotated, such that one shoulder is thrust in a forward direction 52
while the opposing shoulder is thrust in a backward direction 53. These schemes can be
used mdependently or to provide directional imput. '

Any method of sensing of body position to control vehicle yaw or fore/aft motion
is within the scope of the present invention and of any appended claims. One embodiment
of the invention, described with reference to Fig. 5B, entails mechanical contact with the
rider 8. Pads 54 are ﬁlmmted on yoke 55 and contain pressure transducers that transmit
signals to the yaw controller based on changes in sensed position of the hips of the user.
Other methods of sensing user position may rely upon optical or ulirasonic detection, an
example of which is now described with reference to Figs. 5C and 5D.

In one embodiment, an ultrasonic beacon is womn by the rider, and an array of
receivers motmied to the machine detect the position of the rider. Time of flight
information is obtained from transmitter to each receiver and used to calculate the lateral
position of the user with respect to the center of the machine. To tumn the machine to the

8
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right, the user leans to the right, and similarly for turning left. In addition to the intuitive
appeal of 2 mechanism which translates body motion to transporter comntrol, as in the case
of fore-aft motion control of a personal transporter of the sort described in US Patent no.
6,302,230, the body-control modality also advantageously positions the user’s center of
gravity (CG) comectly for high speed turns.

A body lean system described with reference to Figs. SA and 5B consists of three
distinct mechanical components — the transmitter beacon, the recetver array, and the
processing electronics. In one embodiment of the invention, an ultrasonic(USYRF-
transmitter beacon is worn by the rider, and an array of ultrasonic receivers and an RF
recetver is mounted below the handlebars of the transporier, along with interface
electronics. Various ultrasonic transmitters/receivers may be employed, such as those
supplied by Devantech Ltd. of Norfolk, England. The transmitter beacon is a small piece
of Delrin® acetal resin with three ultrasound transmitters, at é.typical frequency of 40
kHz, mowunted at 90 and =45 degrees. This produces a cone of sound of about 160
degrees. The driver electronics are mounted on a printed circuit board buried behind the
transmitters, and a small RF transmitter is mounted below. A belt clip from a wireless
phone attaches the transmitter to the user, while power is supplied by batteries.

The receiver array is a bar with receivers mounted at various locations. The
ultrasound receivers are also mounted in small pieces of Delrin®, with the electronics
located behind the bar at each location. To increase the size of the reception cone, 2 US
receivers are used at each location, one mounted facing straight out and the other at 45
degrees to that. For the outboard sensors, the 45-degree receiver faced mward and for the
inboard receivers, the 45 degreei recetver faced outwards. This makes it possible to use
the two outboard receivers (left and right) for location when the rider is at the center of
the machine, but as the rider moves right, the two right sensors take cver, and the same
when the rider moves to the left.

An ultrasonic rangefinder, such as a Devantech Model SRF-04, may provide both
the transmitter and receiver functions and circuitry, however modifications are within the
scope of the present invention. The beacon portion consolidates three drivers onto a
single board. In addition, the microcontroller code residing on the transmitter boards

allows the board to transmit continuously.
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The board designed to interface to the computer was breadboarded with
microcontrollers of the same type as the Devantech boards. The function of this board is
1o create a square wave that represents the time difference of arrival between the RF pulse
and the ukrasonic pulse (wave goes high'when the RF pulse arrives, and low when the US
pulse arrives), and correctly interface this wave to the computer circuitry. Since RF
travels at the speed of light, and sound at the speed of sound, this scheme results in an
accurate ultrasonic time of flight (TOF) signal.

With reference to Fig. 5D, the counter timer board residing in the compurter
chassis receives 4 waveforms representing the 4 TOF’s from the transmitter to the 4
receivers, and using a 400KHz clock, determines the duration of sach pulse (in counts of
the 400khz clock). This info is then passed to the algorithms for distance calculation and
additional processing.

‘When & balancing transporter is traveling at any significant speed, the rider needs
to lean mto a commanded tum in order to counteract the centripstal accelerations due to
the turn. This machine uses the body location sensors fo turn the machine. When the
rider is centered on the machine, no turn input is generated. When the rider leans to the
left, a left turn is commanded, and the same for the right. Thus the turn is not initiated
until the users CG is properly located. In addition, by knowing the users exact CG
Jocation (as by positioning the transmitter at the waist of the rider), the system is able to
exactly match the wheel speed/tum rate to the angle the user is at, theoretically exactly
canceling out the forces acting on the body. Thus the amount of turn is tuned for the CG
location of the rider and wheel speed.

n accordance with the invention, time-of flight (TOF) information from an
ultrasonic transmitter is transmitted to at least 2 ultrasomic receivers. Time of flight was
calculated from the difference of a RF received pulse edge to a US received pulse edge.
Since the speed of sound is substantially a constant (within the operation of the machine),
distance can be calculated from its time of flight from transmitter to receiver. The law of
cosines along with the known distances of the receivers from center and from each other
is then used to calculate the location of the transmitter in the lateral direction. Because of

the redundant receivers, the lateral location is unique, and immune to changes in height

-
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and fore/aft distance from the bar (unless this change resulted in a loss of line-of sight
@LOS).

Feet Force

In accordance with another embodiment of the invention, yaw conirol input is
provided to a transporter by sensing the rider’s weight distribution by using force sensors
on the foot plate. In order to steer, the rider leans in the direction of desired tum. Lean,
right: turn right; lean lefi: turn left. Memy variations can be derived from a base system
containing many force sensors located at the foot plate.

A PCB board provides all signal canditioning for the force sensors. The sensor
signals are output from the PCB board as zero to five volt analog signals. Spare A/D
inputs on the amplifiers are used to read in the § analog signals and provide an 8-bit count
to the software for each sensor.

The prinary variation implemented and tested uses sensors on the left and sensors
on the right sides of the foot plate. When the person leans to the right, the right sensor
signals become large, indicating a turn to the right. 'When the person leans to the left, the
left sensor signals become large, indicating a turn to the left. A special foot plate was
constructed to allow force distribution to be measured at four corners of a rigid plate.

The resulting system is advantageously very maneuverable at low speeds and a
rider may became more proficient at this yaw input than the twist grip yaw input. There
is a tradeoff between the bandwidth of the device that enables the system handle
dismrbances better, and the perceived responsiveness of the system.

As a natural movement, when tumning on a personal transporter, a user tends to
shift weight in the direction of the turn. The reason for this is the centripetal force
generated by turning tends to push the person off the transporter. The same user
movement is required when riding a 3-wheel or a 4-wheel all-terrain-vehicle (ATV). As
a result, a natural input to turn that encourages good user position is to turn right when the
user shifts their weight to the right. In this configuration, the user is in the ideal position
to make a right tum,

Skiers and skaters tend to push off with their right foot to tumn left. The reason for
this is they shift their weight distribution from the right to the left by using their feet. On

11
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2 personal transporter in accordance with the present nvention, users needs to shift their
weight from right to left not using their feet, but using the handiebars for this tmput
device. If the sign were reversed to accommodate the skiers and skaters’ preference to
lean right and trn left, an unstable system would result. As the user leans right, the
transporter turns left, generating a ceniripetal force that pashes the user more to right,
generating more left turn command.

Referring to Fig. 6A, the force sensing element is located at the end of the flexible
ribbon in & circle about the size of a dime. With no force on the sensor, the resistance is
around 800 Mohms. With 100 Ibs on the sensor, the output is around 200 Mohms. To
condition the signal, c;p—a.mps were used to create an active amplifier and an active anti-
aliasing filter. The goal of the amplifier is to generate an output that is proportional to the
change in resistance. The goal of the filer is o prevent measurements above 50 Hz from
being measured. An mmverting amplifier is used since it provides an output proportional o
the change in resistance. An inverting lowpass filter is used a5 an anti-aliasing fiiter and
to change to the voltage back to 0 to 5 volts. A +/- 12V okt supply is used o power the op-
amps to remain within the linear safe regions of the op-amps.

The sensors are located under 2 metal foot-plate, one in each cormer, as shown in
Fig. 6A. A metal plate on top allows the standard rider-detect buttons to be pressed while
providing a hard surface to press against cach of the 4 sensors. The metal plate is shown
m Fig. 6B.

The overall yaw command from the sensor measurements 1o the yaw command
delivered to the control system is shown 1 Fig. 6C.

Since a user often shifts his weight slightly while standing in place, a deadband is
added to the sensor processing. As shown in Fig. 6D, deadband 48 provides a region
around zero yaw input where slight yaw inpurts result in no yaw command.

To calculate the yaw command from the sensors, the following equation is used:

- Gt foot-+right o) {letfrovt + ieftrea)
st 2 . 2 -

H

where _, is the commanded rate of change in yaw.
Each sensor provides 0 Volts, or 0 counts with no weight on it, and 5 Volts, or 255
counts fully loaded. A deadband of around 40 counts provided smooth enough control

12
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with enough room to feel comfortable. Additionally, filters may be employed to filter the
command signal, with passbands typically cemtered from abowt 0.5 Hz to about 3 Hz.

‘When moving in reverse, if the same equations are used to generate the yaw
command, the resulting system has positive feedback. When the transporter performs an
“S_trm”, in Teverse, if the user leans to the right, the transportsr will tarn o the left and
create a cemiripetal force on the user, pushing the user to the right. To solve this issue, a
“C-turn” may be implemented. A ramp function is used to reverse the yaw command
when the transporter begins moving in reverse. To keep a consistent turning motion,
when furning in place, the ramp only switches the direction of the yaw command when it
moves in reverse. Fig. 6E shows the ramp function for switching yaw command in
reverse as & fimction of wheel velocity. The rampRev function is used to modify the yaw
velocity command as follows:

‘;’maf = @‘;’ e 2 o TAmPREVEPT ¢ ‘P’m

The rampRev signal is lowpass filtered at 5.0 Hz fo smooth the ffeots of the
Tamp. . '

A brake switch, such as brake switch 7 (shown in Fig. 3A) may be connected 1o
turn the yaw command off when it is pressed. When the button is pressed, a yaw

command multiplier of 0 is applied, whereas, if it is released, the yaw command

" multiplier is 1. A 0.5 Hz Low Pass Filter is used to smooth the transitions between on

and off.

Handlebar Lean

One of the key properties of a good directional inpﬁt device is its ability to
provide directional imput while managing lateral acceleration. High lateral acceleration
turns require the user to lean imto the turn to keep from falling off or tipping over the
transporter. An optimal directional input device will require the user to have their body
properly positioned when commanding a direstional imput. A twist grip yaw input, such
as discussed above with reference to Fig. 3, encourages proper body positioning through
the arientation of its rotation axis and the design of the knob and handle combination. It
is possible, however, to make an uncoordinated input depending on the driver’s technique
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Another method of encouraging proper body positionmg is to make one or more
handlebars irto a joystick. By pivoting the bar near the base of the machine, the user can
move his or her body at high speeds and merely hold onto the handlebar and command an
input. When properly tuned, the user’s body is already in position to react against the
lateral acceleration at the initiation of the turn, reducing the likelihood of an improperly
coordinated turn.

In the handlebar lean machine, the yaw input is proportional to the handlebar
angle with Tespect to the chassis. Preferably, the pivot axis is mounted as low as practical
on the transporter ground-contacting module in order to allow the bar motion to follow
the users body motion naturally, since a person leans most stably by pivoting at the
ankles. In other words, a low pivot handlebar tracks the body kinematics. In this
embodiment, the yaw mput is converted into a yaw command using standard personal
transporter algorithms, which apply & fixed gain to yaw input at low speeds, but scale the
gain at higher speed to make the yaw input correspond to lateral acceleration instead of
yaw rate. This works well with the handlebar lean device, since the desired lean angle is
roughly proportional 1o lateral acceleration. The result is a very natural mput method,
where the user “thinks” right or left via leaning, and the machine follows.

W g = K (@5 - Orolt)
where X is a constant;
O is the handlebar angle with respect to the platform;
@rop is the platform lean with respect to gravity
Y ome 1s the yaw cormmmand.

Other embodiments of the invention may have an inclined or horizontally
mounted pivot handlebar. In machines with inclined pivots, the angle of the pivot with
respect to the contact patch and surface provided interesting turning dynamics.
Specifically, the axis of rotation may affect the dynamics of turning on a siope or on a flat
surface. Preferably, the machine has a low horizontal pivot. A horizontal pivot can easily
track the kinematics of the body during a turn.

In accordance wifh vet other embodiment of the invention, with the direction of
travel as the reference point, the pivoted handlebar may be either mounted in the front or

the rear of the transporter. The configuration of a rear mounted pivot handlebar enables a
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user to steer the transporter with other parts of the body such as the knees, in addition to
using & limb coupled to the handlebar. Furthermors, the transporter may include a featrre
that disables the lean steer when 2 user is mounting or dismounting. The feature may be
activated when the transporter determines that a user is partially on/off the platform such
that the transporter may not turn into or away from the user while mounting or
dismounting.

Of the various mechanisms suited to provide for handlebar lean, a first is
described with reference to Fig. 7A. Motion of handlebar 700 is constrained to a plane
that is substantially transverse to the direction of forward motion of personal transporter
10 by means of parallel link bars 702 that are pivotally coupled both to platform 12 and to
handlebar 700. Motion of the handlebar may also be biased to a central position and/or
damped by means of springs 704 or shock absorbers. In an altemnate embodiment shown
in Fig. 7B, handlebar 700 may be coupled to platform 12 of the transporter 10 by flexare
elements 708, again constraining motion of the handiebar substantially to a plane
fransverse to the direction of forward motion and allowing Hiting of the handlebar in an
arc centered upon a virtual pivot at, or near, the plane of platform 12. In either of the
embodiments of Figs. 7A and 7B, one or more sensors 710 detect the position of
handlebar 700 or of members 702 coupling the handlebar to the rest of the transporter,
either with respect to the vertical or with respect to a direction fixed with respect to the
ground-contacting module. Sensor 710 may be a Joad ce]l, for example, disposed along
contro! shaft 16. Furthermore, the springs or shock zbsorbers coupled to the handlebar
may be used to limit the turning rate of the transporter if desired.

Preferably, the motion of the handlebar is not biased to a ceuvtral position. In
embodiments where the handlebar is not biased to a central position, there is no
preloading around the center and thus a user can precisely and accurately steer the
transporter.

In accordance with an embodiment depicted in Fig. 7C, two separate handlebar
segments 720 and 722 may be moved separately, by leaning of the user 8, relative to
platform 12 of the transporter. In the embodiment shown, the position of each handlebar
segment is biased to a specified ‘newtral’ height within respective sleeves 724 and 726 by

=
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means of springs, or otherwise. A relative height offset is {ransmitted to the yaw
controller to control turning, as described in connection with other user input modalities.

Yet a further embodiment of the invention is depicted i Fig. 7D, where rotation
in clockwise and counterclockwise directions 730 and 732 of handlebar 706 relative to
suppart stalk 16 is sensed to generate a signa] that transmits 2 user input to yaw coniroller
502 (shown in Fig. 2). A shock absorber 734 is preferably built in to the pivotal coupling
of handlebar 700 about shaft 16.

A handlebar lean device in accordance with a further embodiment of the invention
features a pivot mechanism shown in Fig. 7E. Pivot 70 is adjustable in both spring
constant and preload, and has a fixed range of motion of £15°. Preferably, the pivot has
an unlimited renge of motion. The pivot is mounted as low as possible on the ground-
comtacting module chassis 26, and the handle 16 is mounted to the rotating portion of the
mechanism. A pair of shock absorbers 74 may provide additional damping and stiffness.
Shock absorbers 74 are mounted slightly off horizontal to maximize their
perpendicularity to the control shaft 16 throughout the range of motion.

The shocks are adjustable in both spring constant and damping. The spring
constant is adjustable by pressurizing the shock air reservoir. The damping adjustment is
made with a knob that varies an orifice size internal to the shock. Shock absorbers 74 are

. shown in Figure 7F.- Internal to the pivot mechanism is a cam and spring loaded follower.

The cam compresses the follower springs, which generates the restoring spring force. To
change the spring constant, a different cam is substituted io the pivot and sorﬁe cases the
number of Belleville springs is changed. The preload is adjusted externally using a
screw, which moves a wedge to position the Belleville spring stack. Various degrees of
stiffness may be provided by interchangeable cams.

With the stiffest cam installed and the shock absorbers at ambient pressure, a
preload of approximately 8 Ibs. results, as measured at the handlebar. Approximately 40
pounds of force are required to deflect the handlebar to its full 15° travel.

One issue that must be addressed in handlebar lean control is the effect of terrain
sensittvity. If the machine is driven over obstacles or rough terrain, a roll distmbancs is
forced on the machjne./rider system since the resulting change in position of the user may
canse an unintended yaw input is put into the system. Yaw control modalities that depend
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upon the overall body lean of a standing person are prone to be more sensitive to terrain
than, say, yaw control by means of a twist grip.

To combat this roll sensitivity, a roll compensaﬁon algorithm may be employed.
In such an algorithm, the yaw input is modified to compensate for the roll angle of the
chassis, making the yaw input the angle of the handlebar with respect to gravity. Since it
is easier for the user to mamtain body position with respect to gravity rather than the
platform, this facilitates rejection of roll disturbances.

In accordance with certam embodiments of the invention, a method for reducing
terrain sensitivity employs an algorithm for filtering yaw inputs based on the roll rate of
the chassis. The instantaneous rate of rolling, referred to as Roll Rate, is readily available
from the Piich State Estimator, such as that described, for example, in US Patent No.
6,332,103, which derives the orientation of the transporter based on one ar more
gyroscopes, an inclinometer, or combinations of the above. Large roll transients cause
the rider o be accelerated and, if the roll transients were to be rigidly coupled, through
the rider, to the yaw control mechanism, they would cause unintended yaw input.

There are two distinct parts of the solation: rejecting terrain while riding straight
and rejecting terrain while turning; the first is a special case of the second. While
disabling vaw during periods of large rell rates would solve the problem for motion in 2
fixed direction, more input is required in order to decouple roll from steered motion.

An unknown input is an estimate of the “intended” yaw input from the rider, i.e.
the intention, say, to ride around in a 20’ circle. While this information is not directly
available, it can be usefully inferred from the history of the yaw input. Simply low-pass
filtering the data provides an estimate of yaw input. However, this causes a response
delay that is noticeable to the rider. On the other hand, if low-pass filtered data are used
only when high roll rates are present, the rider is less likely to notice the delay. The
algorithm, then, in accordance with a preferred embodiment of the mvention, employs a
mixer, controlled by roll rate, between direct yaw input and a heavily filtered versiop.

A transfer function models the amount of roll rate that will couple into the yaw
signal. T is a function of ve;rious factors, including the design of the yaw input, the
nider’s ability, and how the rider is helding on to the yaw input. By using this mixing
méthod, the transfer function can largely be ignored or at most minimized through tuming.
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The four main funing points are; How fast the mixer slews to the filtered version,
how fast the mixer slews back, what threshold the mix starts and ends, and the comner
frequency of the low pass fitter (LPF) on yaw imput. There are limits to the amount of un-
commanded yaw that can be removed due to setting the mix threshold. By setting it high
there is more un-commanded yaw, by setting it low there are more false trips and the rider
will begin to notice the time lag on the yaw signal. Setting the LPF frequency also has
tradeofSs. If yaw is too heavily filtered, then there will be a noticeable delay and a
possibility of yaw transients coupling in from the past. Setting it too low reduces the
ability of the mixer to remove the transients. ‘

Referring now to Fig. 7G, the mixer block is defined as:

vaw command =F * Yaw Input + (1-F)*Yaw Filtered ,
where F is the mixer function which is a continuously varying signal between 0.0 and 1.0.

In accordance with various further embodiments of the invention, unintended vaw
conirol is reduced while reacting against the shaft to reposition the body of the rider. The
center of rotation at the handlebar may be repositioned, allowing the user to pull laterally
on the bar without causing any displacement. In another 'cmbodimcnt, shown in Fig. 7TH,
shaft 16 is free to move in two coupled degrees of freedom. The user is able lock the bar
by limiting one DOF by engaging gears 78 when they are needed to react against the bar.
Ayaw command may be comprised of an admixture, linear or otherwise, of inputs
derived from torque of shaft 16 about its axis and from motion of shaft 16 with respect to
the vertical direction.

Alternatively, a force or torque input may be used. A lateral force load cell aliows
the user to torque the bar in order to reposition it. Likewise, a torque sensitive bar may be
provided to allow the user to pull laterally on the bar.

Another issue that must be addressed in handlebar lean control is the effect of
turning while moving backwards or in reverse. As described supra, the system may deal
with lean turning while moving backward, by switching the direction of the yaw
command, to perform & “S-trn” or a “C-turn™. Preferably, the system performs a “S-
Torn”. The system may firther compensate for the dynamics of turning while moving
backward by desensitizing the lean steering movement. Desensitizing the lean steering

>
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while reversing can advantageously facilitate using the same equations to generate the
yaw command, the resulting system has posiﬁ*lze feedback.

Amny of these foregoing embodiments may be combined, within the scope of the
present invention, with a rotary yaw contro! input device such as that depicted in Figs.
3A-3C. In this arrangement the rotary control is used for low speed yaw, and the lean
device would be used to command lateral acceleration at higher speeds.

Active Handlebar

In accordance with further embodiments of the invention, an active handiebar
system provides for active control of the handlebar angle mth respect to the chassis. The
handlzbar is mounted on a powered pivot. The handlebar is positioned with respect to the
chassis based on lateral acceleration and roll angle of the chassis. If the nser maintains
good coupling with the handlebar, the bar provides assistance in positioning their body o
improve lateral stability. A skilled user leans automatically with the bar, exerting almost
no lateral force. If an unexpected obstacle or tum is made, however, the active bar can
provide assistance to even the most experienced operator. This system is also particularly
useful on slopes, both while traversing and during turning maneuvers.

In order 10 keep the user most stable, the bar should be posttioned paralle] the
resultant vector of lateral acceleration and gravity. In the system described here, lateral
acceleration was determined only using the wheel velocities, without taking advantage of
any other available state estimator information. Lateral acceleration is given by the
equation:

a, =ov ,
where o is the yaw rate and v is the velocity of the transporter. o is based on the

difference in wheel velocities (¥; and 7,) and the wheel track, T.

i-v
o=—-—"
T
v is determined by the average wheel velocity:
7,47,
o=—"—2=L.

2
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Combining these equations gives:

VY, VixY, 7T
T 2 27

Ly

Since tan (@) = G for small angles, the bar position from vertical is proportional
to the difference i the square of each wheel] speed. This position must be compensated
by adding the roll angle of the chassis, which results in a handlebar position based on the
vector sum of lateral acceleration and the acceleration due to gravity.

The operation of the active handlebar is further described as follows. The user
commands yaw, such as with the rotary yaw input shown in Figs. 3A-3C. The user may
allow the active bar to assist in the user’s positicning by rigidly coupling to the handiebar
with his arms, or he can maintain a sofier coupling and use the active bar to provide him
with feedback. In another embodiment, the user preferably commands yaw with the lean
of the handlebar as shown in Figs. 8A-8C. Figures 8A-8C show the handiebar response
to roll and turning events. Note, in Fig. 8C, the alignment of the handlebar with the
user’s legs.

Figs. 9A and 9B show the basic mechanical hardware layout of 2 powered pivot.
The powered pivot is made up of a harmonic drive reduction unit 92 powered by an
electric motor 90. The output of the drive is coupled to the control shaft via an adapter
94. The powered pivot creates a torque between the chassis 12 and the control shaft 16
(shown in Fig. 84), which can be regulated to provide the position control required by the
active handlebar system. A harmonic drive is a very compact high reduction ratic gear
st that is efficient and backdriveable. It works by using an elliptical bearing, called the
“wave generator”, to “walk” a slightly smaller flexible gear 96, called the “fiex spline”
around the mside of a larger rigid gear, called the “circular spline”. Suitable harmonic
drives are available from HD Sysytemns, Inc. of Hauppauge, NY and are described in the
appended pages.

The active handlebar system uses standard algorithms to control the wheels. The
handlebar is controlled with a position loop that commands a position proportional to the

difference in the square of the wheel velocities. Although a theoretical gain can be
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calculated and converted to the proper fixed point units, in practice it was determined
empiri;ally.

The position loop is a standard PID loop using motor encoder data for feedback.
The tuning objectives are good ramp tracking, minimum settling time, and minimum
overshoot. The loop was tuned using a modified triangle wave.

The handlebar controller used the position at startup as the zero (center) position.
The user had to position the bar and hold it centered at startup. Absolute position
feedback may be provided to allow the bar to self-center.

Some filtering and dead banding are done to the command before commanding
the motor. In a specific embodiment, the fikering was ultimately needed to smooth out
any noise on the wheel speeds and dead banding was used to keep the bar still when
tarning in place oo slightly inclined terrains. A 1Hz first order filtered estimate of lateral
acceleration is multiplied by & first gain (fypically, on the order of 0.001) and roll
compensated by adding roll angle multiplied by 2 second gain (typically, or the order of
0.15). Afterwards a software induced dead band, and later compensation, of 15% of the
max motor position command (typically, 400 counts.) The final resnlt is filtered by a
2Hgz filter. This filter may be used to round out the knee ntroduced at the dead band and

to slow down the movement of the handiebar.

Further Mechanical Sensing of Body Position

In accordance with other embodiments of the invention, the position of the rider’s
body, or of one or more parts thereof, may be sensed mechanically as a means to
command yaw or fore/aft motion of a personal transporter. One such embodiment has
been described with reference to Fig. 5B. In accordance with enother such embodiment,
described with reference to Fig. 104, body sensing is accomplished by a device 910 that
tracks the motion of the right knee through a pivot 912 in line with the ankle. Pivot 912 is
instrumented with a potentiometer 914, with potentiometer gains adjusted appropriately
10 the range of mation of the knee. A confroller distinguishes between rider motion
intended as account for input anomalies caused by terrain. The rider commands a yaw
mput by shifting his body in the direction he would like to timn, as an experienced rider of
a personal transporter would'do, shifting his center of gravity towards the inside of the
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turn to prevent the centripetal acceleration of the powerbase from pulling his feet from
under him.

The yaw input device tracks body pusition by recording the motion of the right
knee as 1t rotates about a longitmdinal axis through the right ankle. The rider interacts
with the device through a cuff 910 which fits closely around the upper shin just below the
knee. The cuff is height-adjustable and padded to allow a stug fit without discomfort.
The cuff is attached via an arm to a pivot ahead of the foot, located such that its axis runs
longitudinally in relation to the chassis, and i line with the ankle. (Anthropometric data
from Dreyfuss Associates’ The Measure of Man and Woman suggested the ankle pivot

should be approximately 4” from the baseplate for an average rider wearing shoes). A

potenticrneter racords the angle of the arm in 2 manner very similer to the twist-grip yaw
input device described above with reference to Figs. 3A-3C.

A mechanical body position vaw input device incorporates a centering mechanism
that is described with reference to Fig. 10B. A centering mechanism 928 returns the
device to neutral (no yaw mput) position when the rider is not in contact with the
mechanism, and provides tactile feedback to the user es to the location of the neutral
position. Preload (adjustable by adding or subtracting washers) was set such that the rider
needed to exert a force of 1kg to move the device from center. At maximum travel (25° in

either direction) the rider experiences a force of approximately 2kg.

In addition to the pivot axis on which the potentiometer is located, there is another
non-encoded axis at ankle height, perpendicular to the first, which allows the cuffto
move with the knee as the rider bends knees and ankles during active riding. A torsion
spring acts about this non-encoded axis to keep the cuff pressed firmly against the rider.
The spring is not preloaded and generates approximately 20 kg/mm per degree, such that
the rider experiences a force of 1.5 kg at his knee in a typical riding posture (25° forward
of unloaded position) and 3kg at full forward travel (50°). At full forward position there
is a stop which allows the rider to command pitch torque to the chassis through forward

knee pressure.

Due to variations in the underlying terrain, there are situations in which the rider’s

body position does not necessarily correlate to intended yaw input. One situation is
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traversing a sideslope, during which time the rider will need to lean uphill to stay
balanced. Another situation is strildng an obstacle with one wheel, which may cause the
machine to roll sharply while the rider stays upright. During both of these situations the
potentiometer will record that the body position has moved relative to the machine, which
is normally interprsied as a yew command. While terrain-induced body position presents
a challenge to a system which translates body position into yaw, steps can be taken to
mitigate these situations. A system discussed below addresses the terrain-induced yaw
mputs described above with separate algorithms for side slopes and sudden whes] -
mpacts.

On machines with yaw mputs derived from body position it is necessary to
compensate for the difference in roll angle to the bodies' natural tendency to line up with
gravity. The only exception to this is the case where there is a sufficient resioring force
on the yaw input to overcome the rider’s natiral tendency to keep the yaw input in-line
with their body.

In order to roll compensate the yaw input a calculation needs to be made. This
calculation entails measuring the amount of roll angle that couples into the yaw input

The following fumction is used to calculate a roll compensated yaw input:

roll compensated yaw input =

yaw mput -(Gain_RollContributionTo Yawlnput * roll) .

For example: Gam_RollContributionTo Yawlnput = (1.44/1.0), where 1 count of
roll gives 1.44 counts of yaw.

In accordance with another embodiment of the invention, the rider may hit a
button which resets their current knee position as neutral. Although there is no
measurable backlash in the centering device, the mechanism can flex before overcoming
the centering device preload. This translates to about 1° of knee meotion in either
direction which does not command a yaw. This can be reduced by increasing the
stiffness of the structure relative to-the preload. A loose fit between the knee cuff and the
kmee adds an additional 1-2° of motion that does not produce a signal. Additionally, the
potentiometer may exhibit hysteresis, which may be compensated by addition of a
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software dead band. Dead band has the advantage of allowing the rider 2 small amount of
motion, which reduces fatigne. However, precision and slalom performance is
compromised by dead band. User-adjustable or speed-sensitive deadband may also be
embodied.

Asymumetrical gains may be useful to compensate for the asymmetry inherent in
measuring the motion of one of two legs. Since body position determines yaw mput,
appropriate mapping of rider position to lateral acceleration at speed is more significant in
this device than in a hand-steered device.

In accordance with another embodiment of the invention, described with reference
to Fig. 10C, two steel “whiskers™ 930 (approximately 50 cm long and 35 cm apart), are
provided at approximately hip height. Leanimg left or right pushes on the whiskers and
twist the patentiometer (gains are doubled in software). The length of the whiskers is
preferred so that the rider, in the cowrse of leaning backwards and forwards, does not exit
the device and lose yaw nput capability.

Another embodiment of the invention, discussed with reference o Fig. 10D,
employs two body torso position sensors 940 with handgrips 942 bolted to either side of
the chassis. Smooth planks 944 (approximately 60 cm long and adjustably spaced), are
attached to a leaning sheft on either side of the rider’s ribcage to sense body position
above the waist so as to account for body lean accomplished by bending at the waist. A
longitudinal axis of rotation advantageously eliminates lean-sensitive gains that might be

present in other designs.

Linear Slide Directional Input

The “linear slide” directional input device is a shear force sensitive means of
steering a personal transporter. The device has a platform that can slide in the lateral
direction of the machine, directly in line with lateral accelerations seen during turning,

During a turn the user feels a lateral acceleration in the vehicle frame of reference.
The latera] acceleration causes a shear force between the user and the vehicle, which is
reacted through the footplate and the handlebar. Because the user has two points to react
this force, one can be used as a directional input driven through the other. In this

implementation the user reacts on the handlebar. The linear slide mecharism measures
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this reaction through displacement of the platform, and uses it as a directional command.
This input method is dirsctly coupled to lateral acceleration, with the user modulating the
coupling by reacting off the handlebar. At zero lateral acceleration, the user can create a
directiona! input by pushing laterally on the handiebar. At non-zero acceleration, the
user’s handlebar force adds to the lateral acceleration force to create the input.

The linear slide mechanism was designed to sit on top of the chassis of a personal

" transporter, replacing the foot mat assembly. It is marginally smaller that the existing

foot plate area to allow for plate displacement. The platform wraps around the control
shaft base. The maximum platform travel is approx +/- 1 inch. The footplate mechanism
950 is shown in Fig. 11.

The assembly is clamped to the platform of a human transporter with four blocks
that capture the base plate of the slide. The blocks allow the assembly to move vertically
in order to activate the rider detect switches. Because the weight of the assermnbly alone is
sufficient ic activate the swiiches, it is counterbalanced with two ball plungers. These
insure that the rider detect switches only activate when a rider is on the transporter.

The upper platform rides on % inch linear ball bearings which, in tum, ride on a
ground rod mounted to the lower platform. A spring and stop arrangement provides
preloaded centering force.

A linear potentiometer converts the platform position to an analog voltage, which
is input to the user mterface circuit board in placs of the potentiometer employed in
conjunction with the twist grip embodiment described above with reference to Fig. 3.

Algorithms for operation of the linear slide yaw input are essentially those of the
twist grip yaw input, as described in detail in US Patent No. 6,789,640, albeit with an
opposite yaw gain polarity.

Several embodiments of the invention are related to the device just described. In
accordance with one embodiment, individual pivoting footplates are shear sensitive and
pivot at a point above the surface of the plate, preferably 4 to 6 inches above the surface.
This allows some lateral acceleration coupling, but give the user the ability to stabilize the
coupling through leg or ankle rotation.

Alternatively, the linear slide may be moved to the handlebar. This allows a user
to fise his legs for reacting to lateral accelerations without commanding mput. However,
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since most of the lateral acceleration is reacted in the legs, coupling with lateral
acceleration is largely lost by moving the linear slide to the handlebar.

The described embodiments of the invention are intended to be merely exempiary and
numerous variations and modifications will be apparent to those skilled m the art. In
particular, many of the controllers and methods of direction and speed control described
herein may be applied advantageously fo personal transporters that are not balancing

‘personal transporters. Balancing transporters present particular requirements for

combining yaw and balance controls, as discussed in the foregoing description and in US
Patent No. 6,789,640, 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 vehicle for carrying a user, the vehicle comprising:

a ground-contacting module, the ground-contacting module including a platform,
two laterally disposed wheels, and a motorized drive arrangement imparting a torque to
the two laterally disposed wheels, the ground-contacting module being unstable with
respect to tipping when the motorized drive arrangement is not powered,

a plurality of sensors, the plurality of sensors including a sensor arrangement
detecting a weight distribution on the platform; and

a controller maintaining the vehicle in an automatically balanced state, the
controller maintaining a plurality of control modes including at least a first mode
specifying if the vehicle is transporting the user, the controller determining the torque to
be applied to the two laterally disposed wheels to maintain the transporting of the user in
a desired direction when the vehicle is in the first mode, the torque depending at least in

part on data from the weight distribution.

2. The vehicle of claim 1, wherein at least one of the sensor arrangement comprises

an inertial sensor.

3. The vehicle of claim 1, wherein the vehicle further comprises a battery supplying

power to at least the motorized drive arrangement and controller.

4. The vehicle of claim 1, wherein the plurality of sensors comprises at least one

load sensor sensing the presence of the user on the platform.

5. The vehicle of claim 4, wherein the at least one load sensor comprises a foot

activated switch.
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6. The vehicle of claim 4, wherein the controller transitions the vehicle into an
alternate mode of the plurality of control modes based at least in part on data from the at

least one load sensor indicating an absence of the user on the platform.

7. The vehicle of claim 6, wherein the controller, when in the alternate mode,
determines the torque to be applied to the two laterally disposed wheels to maintain the
vehicle balanced in place, the controller automatically applying the torque if the vehicle

is in the alternate mode.

8. The vehicle of claim 1 further comprising a seat disposed upon the vehicle, the

seat being electronically coupled with the sensor arrangement.

9. The vehicle of claim 1, wherein the plurality of sensors comprises at least one

sensor sensing a tilt of at least a portion of the platform.

10.  The vehicle of claim 1, wherein the plurality of sensors comprises at least one
sensor sensing a turning command input signal to the vehicle, the controller determining
the torque required to move the vehicle, the torque based at least in part on the turning

command input signal and a pitch sensed by at least one of the plurality of sensors.

I1. A battery powered vehicle for carrying a user, the vehicle comprising:

a ground-contacting module, the ground-contacting module including a platform
supporting the user, two laterally disposed wheels, and a motorized drive arrangement
imparting a torque to the two laterally disposed wheels, the ground-contacting module
being unstable with respect to tipping;

a plurality of sensors including

at least one sensor arrangement detecting a differential pressure exerted on the
platform by the user;

at least one pitch sensor sensing the pitch of at least a portion of the vehicle;
28
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at least one load sensor sensing the presence of the user on the platform;

at least one steering input sensor sensing a desired steering input signal of the
vehicle; and

at least one inertial sensor; and

a controller automatically maintaining the vehicle in a balanced state, the
controller maintaining a plurality of control modes, the control modes including at least a
transporting mode specifying if the vehicle is transporting the user in a desired direction,
the controller executing, when in the transporting mode, a control loop coupled to the
motorized drive arrangement, the control loop determining the torque, the torque
depending at least in part on the pitch, the differential pressure, and the desired steering
input signal,

» wherein the controller transitions the vehicle into a kickstand mode if the at least

one load sensor senses an absence of the user on the platform, the control loop
determining the torque to maintain the vehicle balanced in place when the vehicle is in

the kickstand mode.

12. A method for transporting a user by a vehicle, the vehicle including a ground-
contacting module including a platform, two laterally disposed wheels, a motorized drive
arrangement, a plurality of sensors, and a controller in electronic communications with
the plurality of sensors and the motorized drive arrangement, the ground-contacting
module being unstable with respect to tipping when the motorized drive arrangement is
not powered, the method comprising:

receiving, by the plurality of sensors, a weight distribution on the platform;

maintaining, by the controller, a plurality of control modes including a first mode
specifying if the vehicle is transporting the user;

determining, by the controller, a torque to be applied to the two laterally disposed
wheels by the motorized drive arrangement, the torque being applied when the vehicle is
in the first mode, the torque maintaining the vehicle moving in a desired direction and in

a balanced state, the torque based at least in part on the weight distribution; and
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automatically commanding, by the controller, the motorized drive arrangement to

supply the torque.

13. The method of claim 12, wherein at least one of the plurality of sensors comprises

an inertial sensor.

14.  The method of claim 12 further comprising:
receiving, by at least the controller and the motorized drive arrangement, power

from a battery.

15. The method of claim 12 further comprising:

detecting, by the plurality of sensors, a no weight condition on the platform.

16.  The method of claim 12 further comprising:

detecting, by the plurality of sensors, a no weight condition on the platform;
determining, by the controller, the torque to maintain the vehicle balanced in place when
the no weight condition exists on the platform; and

commanding, by the controller, the motorized drive arrangement to supply the

torque.

17. The method of claim 12 further comprising:

detecting, by the plurality of sensors, tilt of a seat disposed upon the vehicle.

18.  The method of claim 12 further comprising:

sensing, by the plurality of sensors, a desired turning command input signal
specifying a desired direction of travel,

determining, by the controller, the torque to maintain the desired direction of
travel, the torque based at least in part on the desired turning command input signal and a

pitch sensed by at least one of the plurality of sensors; and
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commanding, by the controller, the motorized drive arrangement to supply the

torque.

31

CA 2952911 2018-04-18



CA 02952911 2016-12-23

1121




CA 02952911 2016-12-23

2121

d

AN

0e

ANYWINOD MVA

8¢

R
N

azdIsad,




22222222222222222222

.8 3121
@K

FIG. 3B

FIG. 3A

FIG. 3C




CA 02952911 2016-12-23

4121

yoeqpea
MEA

144

y‘;{jyi

penpigmel |

)
o)
4

op”

10109 UoIsod

ek |
| Jlougmed Ty Iiw\\sn WN R
T
10}08A
MeA
=
jolle

sodqmeA

uoj

jisod
mek | |-z

D+

Aypoen >>m>l

PIBMIOIBS] H |

Ly

z Aolen [peym Yo

‘_‘.'la

d412ZHS

 foopaNt
meh

Apojen 1esym b

pUBLUWOD meA

9|B0GQe00Y|E207) AI@
oy

v’



CA 02952911 2016-12-23

521

FIG. 5A

FIG. 5B



CA 02952911 2016-12-23

6/21

BAR ON
TRANSPORTER

ULTRASOUND
ORRF
TRANSMITTER

| START TRANSMISSION |
l N

Rl

FIG. 5C

1

e e e e

S RPUURPUUAPE SPREIARN

[UVSRIE RDUUH PRISUISRIV




FIG. 6B -



CA 02952911 2016-12-23

Ajo0]aA [99UM

39 Ol

f— O‘ —‘X

8/21

pueliwoD mek

ydw g/1- yduwl pyy-

rayduwel

do Old

0¢-

29 Ol

SILINCY O jO
puegpes(]

D=

3d12H S0

-— Jdpouodwel

-

Adnedduwel j« v \A -

G0

g0

[t

putd pupqpoap s

Josues Jeal 1ybu

Josuses juouy ybu

(<

108U88 B8l 9|

-~

108UBS JUoL) Y|



CA 02952911 2016-12-23

9/21

700

706

708

FIG. 7B
/8
1 1
720 722
724 /\ 726

FIG. 7C



CA 02952911 2016-12-23

10721

FIG. /D






CA 02952911 2016-12-23

12121

FIG. 7F



CA 02952911 2016-12-23

13721

9. 9ld

A

DUBLLILLIOD MEA

Jax|y

8j8Y |10y palsiid

A

A

peIsy|l| MeA dd1

A

indu] mep



ﬁ.



CA 02952911 2016-12-23

15/21




CA 02952911 2016-12-23

18/21

FIG. 9A






CA 02952911 2016-12-23

18/21

FIG. 10A
/R, ]
[&) O |
% IS o)
I l” FIG. 10B

920







CA 02952911 2016-12-23

20121

942

FIG. 10D









	Page 1 - COVER_PAGE
	Page 2 - COVER_PAGE
	Page 3 - ABSTRACT
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - DESCRIPTION
	Page 25 - DESCRIPTION
	Page 26 - DESCRIPTION
	Page 27 - DESCRIPTION
	Page 28 - DESCRIPTION
	Page 29 - DESCRIPTION
	Page 30 - CLAIMS
	Page 31 - CLAIMS
	Page 32 - CLAIMS
	Page 33 - CLAIMS
	Page 34 - CLAIMS
	Page 35 - DRAWINGS
	Page 36 - DRAWINGS
	Page 37 - DRAWINGS
	Page 38 - DRAWINGS
	Page 39 - DRAWINGS
	Page 40 - DRAWINGS
	Page 41 - DRAWINGS
	Page 42 - DRAWINGS
	Page 43 - DRAWINGS
	Page 44 - DRAWINGS
	Page 45 - DRAWINGS
	Page 46 - DRAWINGS
	Page 47 - DRAWINGS
	Page 48 - DRAWINGS
	Page 49 - DRAWINGS
	Page 50 - DRAWINGS
	Page 51 - DRAWINGS
	Page 52 - DRAWINGS
	Page 53 - DRAWINGS
	Page 54 - DRAWINGS
	Page 55 - DRAWINGS
	Page 56 - REPRESENTATIVE_DRAWING

