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(57) ABSTRACT

Force feedback 1n large, immersive environments 1s provided
by device which a gyro- stabilization to generate a fixed point
of leverage for the requisite forces and/or torques. In one
embodiment, one or more orthogonally oriented rotating
gyroscopes are used to provide a stable platform to which a
force-reflecting device can be mounted, thereby coupling
reaction forces to a user without the need for connection to a
fixed frame. In one physical realization, a rigid handle or
joystick 1s directly connected to the three-axis stabilized plat-
form and using an inventive control scheme to modulate
motor torques so that only the desired forces are felt. In an
alternative embodiment, a reaction sphere 1s used to produce
the requisite inertial stabilization. Since the sphere 1s capable
of providing controlled torques about three arbitrary, linearly
independent axes, 1t can be used 1n place of three reaction
wheels to provide three-axis stabilization for a variety of
space-based and terrestrial applications.
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GYRO-STABILIZED PLATFORMS FOR
FORCE-FEEDBACK APPLICATIONS

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

REFERENCE TO RELATED APPLICATTONS

Notice: More than one reissue application has been filed
for the US. Pat. No. 5,754,023. The reissue applications
serial numbers are: Sev. No. 11/782,998 (the present appli-
cation), Ser. No. 09/452,682 (a comntinuation application)
issued as U.S. Pat. No. REE37,374, and Ser. No. 09/888,291 (a
continuation application) issued as U.S. Pat. No. RE39,906.

[This invention claims priority of U.S. Provisional Appli-
cation Serial No. 60/005,861, filed Oct. 26. 1993, the entire
contents of which are incorporated herein by reference.] This

application is a Continuation of U.S. patent application Ser.
No. 09/888,291 filed Jun. 21, 2001, now Reissue Pat. No.

RE39 906, which is a Continuation of U.S. patent application
Ser. No. 09/452,682, filed Nov. 30, 1999, now Reissue Pat. No.
RE37,374, which is a Reissue of U.S. Pat. No. 5,754,023, filed
Oct. 22, 1996, which claims priority to U.S. Provisional
Application No. 60/005,561 filed Oct. 26, 1995, the entire

disclosures of which ave incovporated herein by reference.

FIELD OF THE INVENTION

The present invention relates generally to force feedback
and, more particularly, to the use of gyroscopic stabilization
to provide an inertial frame against which a force-retlecting,
device react.

BACKGROUND OF THE INVENTION

Force-feedback technology and related devices may be
divided into four broad application areas: medical, entertain-
ment, teleoperations, and virtual reality. Teleoperations, the
research of which provided the foundation for the develop-
ment of force-feedback devices, 1s the process of locally
controlling a remote device. The primary difference between
virtual reality and teleoperations 1s in the objects which they
control. With teleoperations, actual physical robots are
manipulated in the real world, whereas virtual reality involves
simulated devices 1n synthetic worlds. Force-feedback for
telerobotics has evolved large and bulky mechanical arms to
more joystick-like designs. In general, these devices are
designed for six degree-oi-freedom (6DOF) force feedback.
and have the capability to provide high levels of force. More
recently, finger-operated devices have also been introduced
for use 1n teleoperations applications.

The use of force teedback 1n medical training, simulation,
and teleoperations 1s also increasing, with the primary appli-
cation being minimally 1nvasive surgical techniques which
use laparscopic tools to perform intricate tasks when mserted
into body cavities through small incisions. To realistically
simulate laparoscopic tool forces, special-purpose force-
teedback devices are currently under development.

The entertainment field 1s very difficult to address with
torce-feedback technology, since the applications demand
both higher performance and lower costs. There are three
primary markets for force feedback devices 1n entertainment:
location-based entertainment (LBE), arcades, and home
entertainment. LBE demands the highest performance while
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home entertainment demands the lowest cost. Despite the
conilicting demands, progress 1s being made 1n each of these

fields.

It may be argued that each of the application domains just
described has its roots in virtual reality, which 1s becoming
dominant 1n all immersive applications. As a consequence,
on-going research in immersive applications 1s often termed
“virtual reality,” whereas, when the research 1s completed, the
application 1s given a specific name, such as a surgical simu-
lator. Overall, virtual reality 1s becoming increasingly popu-
lar as a preferred means of interacting with many scientific
and engineering applications. To cite two of many examples,
molecular modeling and automobile design are moving from
standard graphics, carried out on conventional graphics ter-
minals, to more interactive environments utilizing 3-D stereo
graphics, head-mounted displays and force feedback.

As visualization 1s a very important aspect of these appli-
cations, 1mteresting and useful technologies are being devel-
oped, including graphical object representations and large
working volumes (CAVES). Concurrently, haptic interfaces
are being perfected, which enable manual interactions with
virtual environments or teleoperated remote systems. The
haptic system 1s a unique sensory system in that it can both
sense the environment and allow a user to react accordingly.
As a result, haptic devices not only stimulate the user with
realistic sensor mput (forces, tactile sensations, heat, slip,
etc.), but also sense the user’s actions so that realistic sensory
inputs can be generated. Haptic devices are divided into two
classes, depending upon the type of sensory information
being simulated. The first, tactile, refers to the sense of con-
tact with the object. The second, kinesthetic, refers to the
sense of position and motion of a user’s limbs along with
associated forces.

Broadly, these approaches point toward the same goal: to
immerse a person in a seemingly visual reality, complete with
haptic feedback. However, a major deficiency with all exist-
ing force-generating devices 1s the requirement that they be
connected to a fixed frame, thus forcing immobility on the
user. State-of-the-art force-feedback devices, for example,
are table mounted, requiring the device to be mounted to an
immobile object 1n order to generate a fixed point of leverage
for forces and/or torques. Consequently, no existing force
teedback device allows for easy mobility and force genera-
tion. This problem 1s fundamental, since many virtual reality
applications require large working volumes and the ability to
move Ireely within these volumes, to provide realistic visual
and audio feedback during walkthrough scenarios, for
example.

In summary, large, immersive environments such as
CAVES currently lack haptic feedback, primarily because the
existing technology will not support unrestricted motion.
This leads to one conclusion that force-feedback devices must
migrate as visual technologies have, that 1s, from the desktop
to large-volume, immersive environments. However, the
design of a hand-held, spatially unrestricted force-feedback
device 1s fundamentally different from existing devices,
which typically use primanly electromechanical or pneu-
matic actuators operating against fixed supports to achieve
active force feedback. Nor 1s the realization of such a device
intuitively obvious. To construct an n-axis joystick, requiring
1, 2, 3 to n+3 motors, presents significant challenges, for
example, since the additional motors may significantly
increase the cost and/or weight of the device.

SUMMARY OF THE INVENTION

The present mvention addresses the need for force feed-
back in large, immersive environments by providing a device



US RE44,396 E

3

that uses a gyro-stabilization to generate a fixed point of
leverage for the requisite forces and/or torques. In one
embodiment, one or more orthogonally oriented rotating
gyroscopes are used to provide a stable body or platform to
which a force-retlecting device can be mounted, thereby cou-
pling reaction forces to the user without the need for connec-
tion to a fixed frame. In one embodiment, a user-interactable
member 1s physically coupled to a stabilized body, with the
control structure used for stabilization and that used to miti-
gate force-feedback being substantially independent of one
another, enabling different stabilization mechanisms as
described herein to be used with existing force-feedback
capabilities. In alternative embodiments, inventive apparatus
and methods are used which take 1nto account both the move-
ments associated with the gyroscopic stabilization, a user’s
movements, and the application of torques and forces to real-
1ze a spatially unrestricted force-feedback device requiring
fewer motors and structural elements. Specifically, an mven-
tive control scheme 1s used 1n these cases to accelerate and
decelerate the motor(s) associated with providing the gyro-
scopic stabilization such that only the desired tactile feedback
1s experienced by the user. All of the various approaches are
applicable to single and multiple degrees of freedom.

A three-axis implementation includes a set of three, mutu-
ally perpendicular momentum wheels which form the gyro-
stabilized platform, an attitude measuring device, and a con-
trol system. The attitude measuring device 1s employed to
detect disturbances to the gyro-stabilized platform, including
reaction torques due to a user’s interactions with the device.
The control system varies the speed the momentum wheels 1n
order to maintain the gyro-stabilized platform 1n a fixed posi-
tion. In an alternative embodiment, a reaction sphere 1s used
to produce the requisite inertial stabilization. Since the sphere
1s capable of providing controlled torques about three arbi-
trary, linearly independent axes, it can be used 1n place of

three reaction wheels to provide three-axis stabilization for a
variety of space-based and terrestrial applications.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a drawing of a one-dimensional space gyroscopic
model, as seen from an oblique perspective;

FI1G. 2 1s a drawing of a three-axis stabilized system model,
as seen from an oblique perspective;

FI1G. 3 1s adrawing used to 1llustrate torque generation with
respect to a momentum sphere;

FI1G. 4 15 a block diagram illustrating a closed-loop control
system;

FI1G. 5 1s a block diagram illustrating a closed-loop control
system with disturbance;

FIG. 6 1s a block diagram depicting plant feedback with
optimal feedback for linear regulations;

FIG. 7 1s arepresentation of a mathematical model ofa 1-D
model plant;

FIG. 8 1s a state diagram used to illustrate position regula-
tion of a 1-D satellite plant using pole placement;

FIG. 9 1s a state diagram used to 1llustrate a final design of
a 1-D satellite model controller;

FIG. 10 1s a skeletal representation of momentum sphere
housing;

FI1G. 11 15 a ssmplified drawing of an aspect of a momentum
sphere depicted infrared emitters and detectors;

FI1G. 12 1s a sitmplified drawing showing a great circle band
of reflective material around a momentum sphere;

FIG. 13 1s a drawing, seen from an oblique perspective,
illustrating a different aspect of a momentum sphere;
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FIG. 14 1s a cross-sectional view of a momentum sphere
illustrating how a control subsystem may interact with optical
emitters and a reflective band;

FIG. 15 1s a block diagram used to describe a momentum
sphere control environment;

FIG. 16 1s a drawing, as seen from an oblique perspective,
ol a spacecrait including a pitch momentum wheel;

FIG. 17 1s a simplified drawing used to illustrate the stabi-
lization of a gimbal sensor platform;

FIG. 18 1s a block diagram of a single-axis momentum
wheel for terrestrial applications;

FIG. 19 1s a drawing of a momentum wheel viewed from a
top-down perspective, before the application of motor cur-
rent;

FIG. 20 1s a drawing of a momentum wheel after the
application of motor current;

FIG. 21 1s a root-locus plot;

FI1G. 22 1s atime-response plot of a one-dimensional motor
application according to the invention;

FIG. 23 1s a graph used to illustrate the control effort of a
1-D motor;

FIG. 24 1s a drawing, as seen from an oblique perspective,
of a hand-held force-feedback controller utilizing three
momentum wheels to provide inertial stabilization 1n three
space:.

FIG. 25 1s a drawing of a block diagram of a spatially

unrestricted force feedback controller utilizing three momen-
tum wheels to provide 1nertial stabilization in three space.

PREFERRED

DETAILED DESCRIPTION OF THE
EMBODIMENTS

According to the invention, programmed amounts of rotary
force are used for motion compensating and/or the stabiliza-
tion of free-tlying platforms, or to provide force/torque out-
puts from platforms to attached frames. Specific embodi-
ments are disclosed with respect to spacecratit stabilization, as
well as to the application of forces and/or torques to hand-
held force generating devices, including joysticks, steering
wheels, and implements of arbitrary shape for specific appli-
cations, such as sports simulations.

By way of introduction, reaction wheels use the mertia of
one or more (typically up to three) rotating flywheels to
generate torques. These wheels are typically accelerated
using electric motors which can be controlled to increase or
decrease rotary speed, thus changing rotational momentum.
When the wheel on a particular axis 1s accelerated through
increased motor torque, an equal and opposite reaction torque
1s generated and applied to the base upon which the wheel 1s
mounted.

Reaction wheels are the most precise type of attitude con-
trol mechanism. However, when called upon to provide non-
cyclic torques, they must be periodically unloaded by other
means (1.e. when the motors have accelerated to maximum
RPM 1n any direction, no additional acceleration can be real-
1zed 1n that direction unless the motors are slowed, generating
torques 1n the opposite direction). Moreover, to provide arbi-
trary torques, three wheel axes must be provided.

This application describes how reaction wheels as cur-
rently only applied only to spacecrait can be extended into
several other related terrestrial applications, including gyro-
stabilized bodies and tethered, force-generating/reflective
input devices. Preliminarily, the following description will
demonstrate and how three axes of reaction wheel can be
reduced 1nto a single, reaction sphere, useful either in the
space-based or terrestrial applications. A description of reac-
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tion wheels and spheres will first be presented, followed by a
discussion of the extensions to such technology made pos-
sible by the mvention.

Single Plane of Torque Action

The single plane model for a torquer consists of a spinning,
wheel attached to a frame. There 1s a reference frame, B,
embedded 1n the frame and a fixed reference frame, A, 1n the
world. Reference frame B i1s aligned with the axis of the
spinning wheel. The system 1s shown 1n FIG. 1.

The reference frame B has two degrees of freedom with
respect to reference frame A. These degrees of freedom are
described by generalized coordinates q,, q,, where q, repre-
sents the angular degree of freedom about unit vector a,; and
q, represents the linear degree of freedom along unit vector
a,. With this model, the unit vectors in frames A and B are
related by

(1)

The center of mass of the frame 1s located at the origin of
the B reference frame. The frame 1s assumed to be a cube with
a mass of M and height of R. The location of the center of
mass of the wheel, d, is given by the vector p“,

ﬂlzbl.

“p=lb, (2)

where 1 1s the ofifset from the center of the frame (1n meters)
and is a run-time parameter. The notation “v” denotes some
vector v in reference frame B with respect to reference frame
A. The mass of the (assuming without loss of generality a
solid cylindrical disk) wheel 1s given by

(3)

where p 1s the density of the material of the wheel, r 1s the
radius of the disk and h 1s the height of the wheel; and have the
units of kg/m>, meters and meters respectively.

The central 1nertia dyadic of the wheel 1s given by

m=npr-h

Iﬂﬂd* :Izb 1'3 1 (4)

where

(5)

The orientation of the wheel with respect to the frame 1s
given by the generalized coordinates q,. This generalized

coordinate 1s about the b, axis.
The central mnertia dyadic of the frame 1s given by

Iﬂﬁ:lﬁb 1Dy (6)

where (assuming without loss of generality that the frame
1S cubic)

(7)

Since there are two rigid bodies 1n this model (the frame
and the wheel), the angular velocities and accelerations for
both must be developed.

The reference frame B 1s said to have a simple angular
velocity 1n the reference frame A because there exists for all
time a unit vector whose orientation i both the reference
frame B and reference frame A 1s independent of time. This

10

15

20

25

30

35

40

45

50

55

60

65

6

allows writing the angular velocity of reference frame B as
the magnitude of i1ts angular velocity times the fixed unit
vector

A, B

W~ =q,b;. (8)

To make the equations of motion concise, a generalized
velocity will be defined as

9)

Using the definition in Equation (8), “®” can be rewritten
as

U=d;-

Ay B=

u;b, (10)

The wheel 1s said to have a simple angular velocity 1n the
reference frame B because there exists for all time a umt
vector whose orientation 1n both the wheel reference frame
and reference frame B i1s independent of time. This allows
writing the angular velocity of the wheel as the magnitude of
its angular velocity times the fixed unit vector

B yd—

(11)

The angular velocity of the wheel in reference frame A 1s
given by

QTbl'

Amd:(uﬁ“fh)b 1- (12)

Defining another generalized velocity,

(13)

allows expressing Equation (12) 1n terms of generalized
velocities only as

U7=47

Ay d—

(u;+u;)b,. (14)

The angular acceleration of reference frame B 1s found to

be

Aaf=01,b,.

(15)

and the angular acceleration of the wheel can be written as

(16)

Aﬂd:(ﬂl+ﬂ?)bl.

The location of reference frame B 1s given by

A B_

Py (17)

The velocity “v” and acceleration “a” of this frame are
found to be

W=, Yaf=q,a,

(18)

since the unit vectors a, are fixed 1n reference frame A.

Defining a generalized velocity
W= (19)
allows rewriting Equation (18) as
4By o AP0, (10)

By defining the disturbance forces acting at the origin of

reference frame B as

F=f a,, (21)

the disturbance torque acting on the frame as

Ts=t,0,, and (22)

and the motor torque, applied to the wheel, as

T ~=tb, (23)
the equations of motion are found to be:

T, ((L+Ig)u,+I,0,)=0
f —(M+mj,=0

Td—(lzl‘ll‘FIEﬂ?):O (24)
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Rewriting Equation (24) 1n matrix form yields

(L +1s) I» } ' (25)

[ I ]| ¢

To control this system, an expression for T, that allows the
system to move from any value of {q,,u, } to any other value
of {q,,u,} in the presence of disturbance torques T, must be
developed (see Section below). To gain a understanding of the
system, first set T =0. Equation (25) can now be written as

'Ed+12u1=0 (2 6)

From control theory, 1t 1s known that this equation 1s not
stable since the poles lie on the imaginary axis. Thus, the form
of T, required to satisty stability criteria must meet the fol-
lowing two criteria:

1. It must move the poles of Equation (26) into the left-half
plane.

2. It should utilise values of {q,, u,, q-, u,} to control the
system as these state variables can be measured.

If the disturbance torque i1s not set equal to zero, then
Equation (26) 1s rewritten as

T A4L0,=T, (27)

and a third requirement for the control torque 1s added:

3. It must be robust for a specified set of disturbance torque
values and functional forms.

Some simple relationships are also developed to suggest
appropriate motor parameter values and sizes for the momen-
tum wheels. For real world application, 1t 1s important to be
able to specily certain aspects of the problem, such as force
produced, the period of time for which 1t 1s produced and the
mass of the device. Also, to stay firmly rooted 1n reality, 1t 1s
important to specity the power output of the motor.

Equation (28) shows the basic equations

[=mr’ =l

w=ar P=tw (28)

where I 1s the moment of 1nertia of the momentum wheel
(assuming that it is a thin hoop; for a solid disk, I=mr*/2 and,
in reality, the actual value will fall some place 1n between), m
1s the mass of the momentum wheel, r 1s the radius of the
momentum wheel, T 1s the torque applied to the operator
(which 1s the same as the torque produce by the motor), (T 1s
the angular acceleration of the momentum wheel, ® 1s the
angular velocity of the momentum wheel, t 1s the period of
time for which the torque 1s felt and P 1s the power output of
the motor.

To feel a torque produced by a motor that 1s not attached to
some fixed structure, the motor rotor must be accelerating.
The rotor will continue to accelerate until the motor reaches
its maximum angular velocity, a value that 1s determined by
motor parameters (but the calculation of which 1s not 1mpor-
tant for this analysis). To increase the amount of time during
which the torque can be felt, 1t 1s necessary to slow down the
angular acceleration of the motor by increasing the moment
of 1nertia of the rotor.

Equation (28) has four equations and eight parameters. Of
these parameters, an equation 1s formed that relates m,r,t,t
and P because these are the parameters that can be controlled
during the design of the device. One such form of this equa-
tion 1s
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(29)

Arbitrary Torque Generation From Wheels

To generate arbitrary torques, a 3D platform consisting of
three spinning wheels attached to three non-coplanar axes of
a frame 1s required. (For simplicity, and without loss of gen-
erality, this work assumes that the axes are mutually perpen-
dicular.) There s a reference frame, B, embedded in the frame
and a fixed reference frame, A, 1n the world. Reference frame
B 1s aligned with the axes of the three spinning wheels, thus
defining a set of mutually perpendicular unit vectors. The
system 1s shown 1n FIG. 2.

The reference frame B has six degrees of freedom with
respect to reference frame A. These degrees of freedom are
described by generalized coordinates q,, . . . ., s, Where
q,, - - - » 5 represent the angular degrees of freedom about unit
vectors a,,a,,a, respectively and q,, . . ., q, represent the
linear degrees of tfreedom along unit vectors a, ,a,,a, respec-
tively. The orientation of reference frame B with respect to
reference frame A 1s described using a Body 3: 1-2-3 repre-
sentation. Table 1 shows the relationship between the unit
vectors a,, a,, a; and b,, b,, b;.

TABL

L1

1

Direction cosines

b, b bs
d) Cola —Co53 5o
a5 $185C3 + S3C —88583 + C3Cy —-8C>
a4 —C85C3 + 838 C(S583 + C38 C(C>

The terms c,,s, are defined as cos (q;) and sin (q,) respec-
tively.
To simplily some expressions, the following terms are

defined:

7| = cpe3 Z4 = —c283 77 =% (30)
Zz = S§182C3 + 83 Z5 = —§15283 +C3Cy Zg = —§1Co
Zg, = —C182C3 + 835 Zﬁ = C1S283 + C35; Zg =C1Cr

Since the equations of motion will be developed using the
unit vectors in reference frame B, the unit vectors in reference

frame A are explicitly presented using the terms Z, defined 1n
Equation (30).

L lzzlbl+Z4b2+Z?b3
ﬂ2222b1+z5b2+23b3

y=721b+Zb5+74b; (31)

For simplicity, and without loss of generality, the center of
mass of the frame 1s located at the origin of the B reference
frame and the frame 1s assumed to be cubical with a mass of
M and height of R.

The central inertia dyadics of the frame 1s given by
V=1 b, +Ib5b,+Ibsb; (32)

where
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(33)

The locations of the center of mass of the wheels, d,, are

given by the vectors p”, where

del :lb . Epdzzle de{f:le

where 1 1s the offset from the center of the frame (in
meters). The mass of each wheel (assuming without loss of

generality that each wheel 1s a solid cylinder) 1s given by
m=npr-h

where p 1s the density of the material of the wheel, ri1s t

(34)

(33)

1C

radius of the fisk and h 1s the height of the wheel and have t
units of kg/m”>, meters and meters respectively.
The central mnertia dyadics of the wheels are given by

[4V4"I=b,b +1;b,b,+I,bsb,

1C

[924"2=] b,b +1,b5b,+1,bsb,
[43%4"3=] b,b,+1;b,b,+I,bsb, (36)
where
m(3r® + h?) (37)

[, = L=0-1.

[ = 12 2R

The orientation of the wheels with respect to the frame are

given by the generalized coordinates q-, . .

., Qo These

generalized coordinates are about the b, b,, b; axes respec-

tively.

Since there are four rigid bodies in this model (the frame

and the three wheels), the angular velocities and accelerations

for all four must be developed.
The angular velocity of the frame, “®” is found to be

A(UE:(CQC3511+S3"12)]31+(‘¢253Q1+C3%)b2+(32‘11+"313)b3-

To make the equations of motion concise, three generalized

velocities will be defined as

U1 =CoC3( 153> Ur=—C583( 1+C3(> U37=85(; +(3.

Using the definition in Equation (39) “®w” can be rewritten

ds

Amﬂzulbl+u2b2+u3b3

The wheels are said to have a simple angular velocity in the
reference frame B because there exists for all time a unit

(38)

(39)

(40)

vector whose orientation in both the wheel reference tframes
and reference frame B 1s independent of time. This allows

writing the angular velocities of the wheels as the magmitude

of their angular velocity times the fixed unit vector

B, .dJd]__- B, dr_ - B, .dy_ -
0“'=(q7b; 0 =qgb, "W =(qgbs.

The angular velocities of the wheels 1n reference frame A

are given by
Amdlz(ul+q?)bl+uEb2+qu3

A, dr_

(41)

®““=u,;b;+(u5+qg)bs+usbs;.
An®=u,b,+u,b,+13+q,)b; (42)
Defining three more generalized velocities,
U7=q7 Ug=(g Ug=(g (43)

allows expressing Equation (42) 1n terms of generalized

velocities only as
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Amdlz(ul+u?)bl+u2b2+u3b3

Ay2= b (+(us+ug)bs+usbs.

A= b (+usbo+(u5+ug )by (44)

The angular acceleration of reference frame B 1s found to

AaP=11,b +1,b,+115b;. (45)

The angular accelerations of the wheels can be written as

Aﬂdlz(ﬂ 1H07)b  +(05+uzu7)bo+(l3-u5u7)bs
Aﬂ@:(ﬂ 1—Uzug)b  +(T,+0g )bo+(13+u  ug)bs

Aa?=(u 1HUSUG )b+ -1, Ug )by +H{T13+11g) by (46)

The following terms are defined to simplity the equations

Zio=01+07 Ziz=0+uwu; Zig =13 —uy (47)
iy =0 4+uug Lia=ury+0g L7 =03 —ujug,
Zip =0 +wmug L5 =uUr—uug Zig =13 + 19
thus allowing Equation (46) to be rewritten as
A&dlzzlﬂbl+21332+zlﬁb3
Aﬂdzzzllbl+zl4b2+zl?b3
A dy

There are four points of 1nterest 1n this problem: the loca-

tion of reterence frame B and the locations of the centers of
mass for each of the wheels. The location of reference frame
B 1s given by

APBZ%Q 1H(5Ur+(gUa. (49)

and its velocity “v” and acceleration “a” are found to be

A, B_

A"Bz%ﬂl"‘%ﬂz"‘%fh =gy 0 +q505+q 603 (50)

since the unit vectors a, are fixed 1n reference frame A.
Defining generalized velocities

(51)

Uy=(4 Us=(qs5 U=
allows rewriting Equation (50) as
AU, HUs O U0 L aPT,00 +Ts O+ Ol (52)

The velocities of the centers of masses of the wheels are

found to be

AVJI :AVB‘FA mBXIb IZU4CLI +115 0!.2+115C13+lu3b2—1112b3
AVJZJVB‘FA mBleEZU4{11 +115 {12+115E13—lu3b 1+lu 1'33?

Avﬂ :AVB‘FA (I)BX lb 32114{11 +115 {12+u5[13+lu2b 1~ lu 1'32 (5 3)

and the accelerations of the centers of masses of the wheels
are found to be

Aa=11,0,; His 0o+ 3~ L (U7 +U37 )b 1 (1 U+13) o+l

(u;u3-15)bs

Aa=11,0; H1s O+ 3+ (1 U—115 )b+ (Usu3 -1 )by—]

(U "+u,”)bs (54)

There are three sets of forces acting on this system: the

applied disturbance forces and torques applied to reference
frame B that represent, the gravity forces acting on the wheel
and frame masses and the motor torques applied to the
wheels.

The disturbance forces acting at the origin of reference

frame B 1s defined as
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F=t, a,+f a,+1,a; (55)
the gravity force on the frame 1s defined as
G ~Mga (56)
or equivalently as
G ~—Mg(Zsb +Zsb,+2Z4b3); (37)

and three gravity forces, which act at the center of the
wheels, are defined as

G, =-ma; G,;=-mga; G,;,=-mga; (58)
or equivalently as

G, =—mg(Z3b+Zgby+Z4b3)

Gz,=—mg(Z;b;+Zgby+7Z4b3)

Gz, =—mg(Zsb+Zgby+7Z4b3) (59)

The disturbance torque acting on the frame 1s defined as

T5=T, 0, +T,0+T,0 (60)

and the three motor torques are defined as

T7=T4b1 T1=T:,b> T 7=T b3

(61)

with the positive sense of the torque being applied to the
wheel. However, Newton’s second law demands that there be

an equal and opposite torque applied to the frame, body B.
Thus, the resultant acting on body B 1s given by

T=1,0,+T,0+T,03—T 7, b =T 7, 05T 4, b3 (62)

The defimitions of the generalized inertia forces was facili-
tated by defining the following terms:

Zlg = 1(11% + ll%) Zgz = 1(111 U + 1'13) sz = 1(111 U3 — 1'12) (63)
Zoo = lujuy —03) Zoz =1(uf +u3)  Zys = l(upuz +1y)
Zo1 =1uus +105) Zoy =1(upus —10y) Zy7 = 1(uf +uj)
The equations of motion are found to be:
T L 0,2 5+T, 23+ mgl(Zg— 76 )~ [ (21 + L +]g)u, + 0+
(Usug—usug) +ml[(Z4—Z )0y +(Zs—Zg )us+(Zs—Zg)
(=211, ]=0
T, Ly A0, 2 s+0, 2 c+mgl(Zg—73 ) [(2] |+ +]g ) u+ug+],
(uzu—uug)|+ml[(Z,~Z Y0, +H(Zg—Z5)us+(Zg—23)
1.15_211:12]:0
T, L0, L +T, L o+mgl(Z3—Z)— [(2] + 1+ ) Uz +10g+],
(U ug—uou7) |+ml[(Z,~Z 1)Uy +H(Zo—Z5)U5+(L3~Z)
1.16—211.13]:0
fx—m(3f14+(—z19"'220"'221)_Zl+(zzz—zz3+zz4)z4+
(Zo5+256=27)L7)-M11,=0
—(I, +2ml®) 0
0 —(I4 + 2ml*)
0 0
ml(Zq —Z7) ml(Z7 —2y)
A= miZs —Zs) mlZs —Z»)
ml(Zg — Zo) ml(Zg —23)
~1I5 0
0 -1,
0 0

12

fy—m(3ﬂ5+(—zl9"‘220"‘221)_22"‘(222—223"‘224)25"‘
(Zos+Z26—227)2L.8)—Mis=0

t,-m(3g+30gH(=2 94220l 1) L3H(Zor~Lo3+ L0 4) Lt

5 (Zos+Lo6~Lr7)2o)-Muig=0 (64)
T4~ 126U
TJZ_IEZ'lﬁl:O
10 T~ 1bZ,g=0
Since there are nine generalized coordinates, there are 18
equations of motion, mine kinematics and nine dynamic. To
solve these equations numerically, they must be written in the
form
15
y=1(y} (65)
where the state vector y has the form y={q, . .., q,,
u,,...,u }. This necessitates rewriting Equation (39) to solve
for the g, 1n terms of the u.. The nine kinematic equations of
20 motion can now be written as
q, = (mes —ups3)/c2 4, =Urs3 +Upcs gy = (—ujcs + ws3)/ca +uz  (66)
25 J4 =U4 (5 =Us (g = Us
7 =U7 (g =Ug (g =Ug
To write the dynamical equations of motion in the same
3o Mmanner, Equation (64) must be solved tor the 0,. Since several
of the Z, include u,, these terms will need to be expanded. As
a first step, the following terms are defined
Log=U U5 Log=0U3 L3g=Us15 (67)
33 K =L{uuy-uzug)-mlg(Zg-2y)-1,2, T, 7,-T. 7,
Ko=L(uzu;-u,uy)-mlg(Zy—23)-7,2,—T, 25T 2
K3=L{(uug—uyu;)-mlg(Z3-Zg)-1, 27—, 23-T,Zqg (68)
40
Ka=m((U(Zog+Z59)~Z19) 21 +(W{(Zog+Z30)~L53) L4 +(]
(Zog+Zag)—Zo7)2 7)1,
Ks=m((I(Zg+29)—219) Ly ({242 30)~Z3) L 5+(]
(Zog+Z30)~Z>7)2g)-1,
45
Ke=m3g+(W(Zog+Z59)~Z 19)Z3+(W(Zog+Z30)~Z23)Ls+(]
(Zoo+Z30)~Z27)Lo)-1,
K?:—le KEZ_TJE KQZ—TJS
50 Next, Equation (64) 1s rewritten 1n the form Au,=K , thus
providing a means for solving for the u,. K, 1s given 1n Equa-
tion (68) and A 1s defined as
0 ml(Zy —7Z7) mlZs —Zg) mliiZg—7Z¢) =L, 0 0 | (69)
0 Hﬂ(Z? — Zl) IIll(Zg — Zg) I'[ﬂ(Zg — Zg) 0 —Iz 0
4 + 2H112) Hﬂ(Zl — Z4) IIll(Zg — Zs) ml(Zg — Zﬁ) 0 0 —Iz
(Z) -Z4) —Gm+M) 0 0 0 0 O
(Zs —Zs) 0 —(B3m + M) 0 0 0 O
(Zs —Ze) 0 0 ~Bm+M) 0 0 O
0 0 0 0 -, 0 0
0 0 0 0 0 -, 0O
-1, 0 0 0 0 0 -IL
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where [,=21,+1,+1..

A discussion of the control system 1s presented in below. To
simplity the equations of motion to facilitate control devel-
opment, those terms and equations that deal with the linear
position/force are eliminated because a gyro-stabilized plat-
form can only counteract torques, not forces. Rewriting Equa-
tion (69) as imdicated yields

(14 + 2ml) 0 0 -, 0 0 ] (70)

0 —(I4 + 2ml%) 0 0 -L 0 [|%

0 0 ~L+2mf) 0 0 L || _
-1, 0 0 I, 0 0 [|W
0 -1, 0 0 -L 0 ||Us
0 0 -1, 0 0 =L ||
K
K,
K;

_le )
14,

Ty

This equation can also be rewritten to explicitly express u,

(71)

—— 0 0 — 0 0
[5 [5
0 : 0 0 : 0
U1 IS 15 i Kl
1 | | K
? 0 0 —— 0 0 — :
U3 15 IS K3
— 2
{7 i 0 I4 + 2ml 0 0 —le
s s 15 2 ~T4,
. | L +2ml
it 0 = 0 0 —d
- Is [1s ’
; ; 1 ; [, + 2ml*
Is 15

where 1.=(1,+2ml*)-L..
Arbitrary Torque Generation From a Sphere

The equations of motion for the sphere, see FIG. 3, can be
derived from those for the three wheel device by noting these
two salient differences between the systems: the inertia of the
sphere 1s equal 1n all directions and 1s unchanged with orien-
tations; and the center of mass of the sphere 1s located at the
origin of reference frame B. The equations of motion for the
sphere are given by:

T L+, 2 5+T, 25— [(1;+]1g)0, +1; 0741, (Usug—usug ) |=0
T L+, 2340, L~ [(11+]6) 0+  Ug+] (Uzt7—1, U )]=0
T L7402 +T,Zo—[(1+]6)03+]  0g+]; (U ug—1rU7)]=0
f, —(m+M)u,=0

f, —(m+M)us=0

f —(m+M)3u,~mg=0

T~ 12 =0
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TJE_IEZ 14:0

T~ 12 g=0

Because the cross-coupling through the linear velocity
terms does not exist for this device, controlling a system that
employs this device for stabilization 1s easier than controlling
a system that employs three reactions wheels for stabilization.

Control Issues

Control theory 1s defined as a division of engineering math-
ematics that attempts, through modeling, to analyze and to
command a system 1n a desired manner. Of particular interest
are closed-loop systems. In a closed-loop system, the forcing
signals of the system (calling inputs) are determined (at least
partially) by the responses (or outputs) of the system. In this
manner, the mputs and outputs are interrelated. In FIG. 4, a
generic closed-loop control system 1s shown. In order to
explain the contents of this diagram, the following example 1s
used:

The objective 1s to control the temperature of a room. In
this case, the sensor 1s the thermostat. The system 1nput
1s set by selecting a temperature. Through either some
mechanical or electrical means, the difference between
the desired and actual temperature 1s calculated, result-
ing in an error. If the actual temperature 1s below the
desired, the compensator sends out a control signal to the
furnace (or plant). If the control signal says heat on
(actually, the electromechanical equivalent), the furnace
outputs heat. This process continues until the compen-
sator determines 1t 1s not necessary to heat the room, and
the control signal 1s changed to a heat off signal.

Control theory can be classified 1n two categories: classical
and modern. Classical control theory 1s generally a trial-and-
error system 1n which various type of analyses are used itera-
tively to force a electromechanical system to behave 1 an
acceptable manner. In classical control design, the perfor-
mance of a system 1s measured by such elements as settling
time, overshoot and bandwidth. However, for highly com-
plex, multi-input/multi-output (IMIMO) systems entirely dif-
ferent methods of control system design should be 1mple-
mented to meet the demands of modern technology. Modern
control has seen wide-spread usage within the last fifteen
years or so. Advancements 1n technology, such as faster com-
puters, cheaper and more reliable sensors and the integration
of control considerations in product design, have made 1t
possible to extend the practical applications of automatic
control to systems that were impossible to deal with in the
past using classical approaches. Modern control theories are
capable of dealing with 1ssues such as performance and
robustness. The spatially-unrestricted force-feedback system
makes use of two modern control design methods: distur-
bance rejection and optimal control.

In the design of electromechanical systems, one can con-
sider that the system will be exposed to disturbances. A dis-
turbance may be defined as any unwanted input. In FI1G. 5, the
disturbance, w(t), 1s shown as a second input to the plant. The
elfect of the disturbance 1s added to the output of the plant.

Disturbance rejection design can be used to create a com-
pensator which 1s able to 1ignore the disturbance and cause the
desired plant output. In this section, the basic method of
disturbance rejection design 1s presented using a MIMO
model. For this model, notation must be established to des-
ignate the various elements of the control design; let:

[A, B, C, D] be a state-space representation of the plant
(with state x), assuming (A,B) 1s completely controllable,

X(t)E's-R " be the plant state,
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u(t)e H be the plant input (where n; i1s the number of
inputs and n_ 1s the number of outputs),

w(t)e R < be the disturbance input

0
r(t)e R 7" be the desired or reference input
y(t)e ) be the sensor output

e(t)em "’ be the tracking error

The lumped MIMO linear, time-invariant (LT1) system,
may be expressed as:

x=Ax+Bu+LEw (73)
y=Cx+Du+Fw (74)
e=r-y (75)

The model for the input (Equations (76)-(77)) and the noise
(Equations (78)-(79)) are:

X,=AX, (76)
=C X, (77)
X,=A X, (78)
w=C_X,, (79)

The objectives 1n the design of the feedback system 1n FIG.
5 are as follows:

Closed-loop system must be exponentially stable,

Achieve asymptotic tracking and disturbance rejection for

all 1n1tial states

Robustness

If this 1s true, then for all mitial states of the system,
e(t)—=0eR " as t—0,

Given the system [A,B,C,D], suppose 1t 1s minimal. Let the

compensator be given by
X =A x+B_ e (80)
where
A ~diag[T .5, . . ., T, JeR e (81)
B ~diag[Y1, Ya. - - - » Y, Je R 7> (82)
with
0 1 (83)
0 1 |
r,_- = = St g
1
—g —lg-] — ]
0] (84)
’}’:‘ — 0 = 31 9
1

Since A and A are known, [83] can be derived from the
equation

D(A,, Ay)=sT+a 5T +. . . +a_ s+, (85)

which 1s the least-common multiple of the characteristic
equations of A and A .

10

15

20

25

30

35

40

45

50

55

60

65

16

Under these conditions, 1f

A 1 — A B

(30)
rank
— C D

= N+ Ny, ¥ Ae [U'(Aw) U G-(Ar)]

(which guarantees that the system 1s still completely con-
trollable with the addition of the compensator) then

The composite system 1s completely controllable

Asymptotic tracking and disturbance rejection holds

Asymptotic tracking and disturbance rejection are robust

The discussion contained here 1s establishes a mathemati-
cal basis for the invention. Control of a gyro-stabilized force
teedback device 1s based on 1ts ability to respond robustly to
a control signal and to respond correctly despite system noise.
For the single-input/single-output (SISO) case, this theorem
reduces to the classical control case where an 1ntegrator 1s
required for robust performance. This result 1s used 1n the
design of the 1D experiment which 1s similar to the classical
satellite control problem.

Optimal control theory can be used to design compensators
which are able to take into account the cost of performing a
particular action. A classical example of optimal control 1s the
use of Tuel to maneuver a satellite in orbit above the earth. Two
extreme scenarios are possible: movement taking minimum
time or movement taking minimum fuel. In the following
section, discussion will focus on the fundamental principles
of optimal-control design.

The optimal control problem 1s to find a control u*(t) which
causes the system x(t)=a[x(t), u(t), t] to follow a desired
trajectory x* that minimizes the performance measure

' (87)
J(u) = h|x(ty), tf]+f o|x(t), ult), t]dt

‘0

Other names for J include cost function, penalty function,
and performance index. Assume that the admissible state and
control regions are not bounded. (This removes all mechani-
cal constraints; these can be included 1n later development)
Let the mitial states, x(t_)=x_, of the system and initial time,
t_, be known. Also, let xe R " and ue R ™. The goal now is to
establish tote necessary conditions for optimality:

Assuming that h 1s differentiable and that initial conditions
are fixed and do not affect minimization, [b 87] can be
expressed as

‘f d 33
T(u) = f {elx(®), uv, 1+ — hix, vl}dt =
‘0

For generality, apply the chain rule and include differential
equation constraints to form an augmented cost function:

oh r (89)
— (x(1), t)] X(t) +
00X

T, (u) = f ! {g[x(t), u(t), ] +
0

9h - .
7 (X0, ) +p Oa(x(V), u®), 1) - X(W)] pdt
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using Lagrange multipliers p, (1), . ..
notation, rewrite | | as follows:

, p,,(1). To stmplify the

f (90)
Ja(u) = f g (x(1), u(t), p(t), t)jdt
4y

The necessary conditions for optimal control can be
derived using calculus of variations. Specifically, take the
variations of the tunctional J (u) by 0x, 0X, ou, op and ot
(Increment of the functional I 1s defined as: AJ(x, 0x)=0J(X,
OX)+g(x, 0x)-|[0x||; 0J 1s linear with respect to dx; dx is called
the variation of the function x.) From this, the necessary
conditions may be derived..

| a (91)
X% (1) = a—{z‘f‘ (X (1), u=(t), p=(t), t)
P
_ J (92)
p=(t)=— F (" (x=(t), ux(t), p*(1), 1))
P
0= %xf (X% (1), u=(t), p*(1), ) &)
for all te[t_, td, and
J r (94)
0 = [ﬁh(}{fﬁ (tf)a tf) —p* (tf)] OX +
J
[N (X (tr), use(ty), pe(ts), tr)+ ah(x (tr), tr)|Ots
where
N (),u(t),p(t),H=g(x(t),u(t),p(t),H)+p” [ax(t),u(t),p
(t),0)] (95)

The principles of calculus of variations are applied to the
design of a linear regulator. The linear regulator 1s used in the
control of the motors used to spin the inertial masses to
change the attitude of the satellite system. The regulator
design 1s particularly useful 1n controlling unstable systems

through optimal pole placement. First, recall the state equa-
tion of a linear, time-varying plant:

X(O=AOx(O+BE)u(t) (96)

The cost function to be used 1s

(97)

1 7 L 7 7 T
J = E:{ (tf)Hx(tf)+ 5 f X" (DQMX() +u’ (DR(ut)]|dt
gy

where tas fixed, H and Q are real, positive-semi-definite
matrices, and R 1s areal, positive-definite matrix. The purpose
of the regulator 1s to maintain the state of the system as close
to a desired set of parameters as possible without excessive
control effort. The necessary conditions for optimality to be
used are:

X (O=AO)xX* (O)+B(tu*(t) (98)
p*(H)=-Q(t)x*()-A" ()p* (t) (99)
O=R(Ou*()+B (t)p*(t) (100)
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where the Hamailtonian 1s defined as

N (x(1), u(t), p(t), t) = (101)

le(t)Q(t)x(tH lu’*‘”(t)RUt)u(t)+ TADx() +p’ (OB(Du(t)
5 5 .o P p

Equation (100) 1s easily solved for the optimal input for the

regulator, yielding
u*(t)=-R™ (OB (p*(t) (102)

It 1s now possible to form an augmented, closed-loop state-
space equation of the regulated system:

A
—Q(t)

k()

| p(l)

-Bt) R7'(t) B0 |[x=(0) (103)
~AT (1) [p # (1) ]

These 2n differential equations have a solution of the form:

X (ty)” (104)

[}Gk(t)}
= dtr, t
() oty, 1)

p* (1)

Note: ¢(t4t) 1s called the transition matrix, define by d/dt¢
(LaO)=A(DP(t4t) with the 1nitial condition of ¢(t,,t,)=I and 1s
solved through numerical integration. By partitioning the
state transition matrix, ¢(t,t), the following solution tor p*(t)
can be reached:;

P (0)=K{Ox* (1) (105)
Therefore, the optimal control law 1s
w*(6)=-R™H OB (HKOx*()=F () (x*(1)); (106)

the next step 1s to define a method of solving for K. This 1s
achieved using a Riccati-type differential equation:

K(O)=—KHOAD-ATOKO-Q)+K(OBOR (OB (HK
(t)

which involves solving n(n+1)/2 first-order differential
equations. Fortunately, the motor system involved in the hand
controller control system can be considered time 1nvariant.
This simplifies the previous equations, which can be summa-
rized as:

(107)

X (D) =Ax(t)+Bu(t) (108)
T = jm [x7 (0Qx(t) + u! (HRu(t)]dt (10%)
0
K=-KA-AK-Q+KBR'B‘K=0 (110)
and the optimal control law 1s
w*()=—R BT Kx*(t)=Fx*(t). (111)

As long as Q 1s positive definite, the closed-loop system 1s
guaranteed to be stable and the controller may be used for
pole placement design of the system, as shown 1n FIG. 6.

The design of the controller system for the 1D model 1s
now presented. The first segment of the design 1s a optimal
pole-placement. This 1s needed because a the 1D model of the
spatially unrestricted force feedback device (which 1s a sim-
plified version of the actual 3D version), which can be con-
sidered a second-order system, 1s inherently unstable. Defi-
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nitions of “stable” vary; here, “stable” 1s considered any plant
which has only poles and zeros to the left of the imagery axis
in the complex plane (i.e., left-hand poles and zeros). Using
previously established results the poles of the system are
placed optimally based on the inertia of a second-order linear
model. Lastly, disturbance rejection 1s augmented to the con-
trol system for robustness.

The plant for a single DOF hand controller, FIG. 7, has the
form

(112)

where o(t) 1s the angular acceleration, I, 1s the inertial
mass, and t(t) 1s the torque.

Since the stability of this system 1s (at best) marginal, a pole
placement 1s performed. Further, optimal methods are
employed for placing these poles at the best locations. The
new plant will follow the model 1n FIG. 8. The optimal design
will give the “best” values to use for K, and K.,.

The first step 1s to choose the cost function to minimize, set
initial conditions, and select the necessary conditions and
boundary conditions which apply to this problem. Let the
initial states of the satellite be zero: x(0)=0; x(0)=0. The cost
function for mimimal control effort 1s

(113)

L
J_5 f{;. lu(t)|“d't

such that the amount of acceleration of the system, whether
it 1s positive or negative, for all time 1s minimal. This 1s
frequently used for satellites because the amount of accelera-
tion 1s the magnitude of the control input, or for satellite, the
amount of fuel, which 1s a limited resource. For this system,
the following parameters are known:

(114)

0 (115)

(116)

and R=1.

For the L'TT Ricatti equation, [110], K has four solutions,
but the only positive-definite solution 1s
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(117)

oy ay
Iﬁ\/ﬂﬁ\/a + 4,

Ja \/ ey +4;
s/ d;

which results 1n a regulator, F, of the following form:

(118)

Jar
\/Qlﬁﬁ +d;

The two terms of the F vector are the position feedback and
velocity feedback required for optimal tracking, as in FIG. 8.
The final step 1s to include an integrator which provides the
SISO case with robustness. The final controller design 1s

shown 1n FIG. 9.

There are some control 1ssues that are specific to the
momentum wheel concept. These 1ssues are those that deal
with determining the state of the sphere, which must be
known to calculate the sphere’s angular momentum vector.
Since the nature of a spherical object allows 1t to be at any
orientation relative to 1t”s cavity, a method that can detect the
sphere’s exact orientation relative to the three fixed orthogo-
nal axis of the sphere housing 1s used. This 1s illustrated in

FIG. 10.

Each of the three sphere housing axis i1s outfitted with a
band of optical infra-red emitters to detect the relative posi-

tion of the sphere. Each emitter will be placed between two
(or more) infra-red detectors as shown 1n FIG. 11. This tech-
nique will enable fine position sensing and simultaneously
minimize power requirements since a single emitter will ser-
vice two (or more) detectors.

The sphere 1s equipped with a single great circle band of
reflective material as 1llustrated 1n FIG. 12. As shown 1n FIG.
13, each sensor band on the sphere housing covers one half of
the great circle band on each sphere housing axis. Conse-
quently the reflective band 1s always within range of at least
three optical emitter/detector pairs regardless of sphere ori-
entation.

The IR emitter/detector sensors are located directly on the
cavity face to simplily construction of the sphere housing.
Each emitter and detector 1s directly interfaced to the housing
cavity by a fiber optic cable that ends at a lens mounted on the
cavity face as shown 1n FIG. 14. Using a lens permits the use
of lower power intra-red emitters.

As shown in FIG. 15, the infra-red emitters are driven by an
output bit from the Sphere Control Computer. Address
decode logic and latch bits contained 1n the Sphere Control
Subsystem decode emitter data from the control computer
and turn the appropriate IR emitter on. The control computer
reads the associated IR receiver, via the same decode multi-
plexor logic 1n the Sphere Control Subsystem.

Conventional Applications to Spacecrait

There are two 1nter-related branches of mechanics that are
used to spacecrait control: celestial mechanics and attitude
mechanics. The former deals with the position and velocity of
the center of mass of the spacecratt as 1t travels through space,
whereas the latter deals with the motion of the spacecraft
about 1ts center of mass, see FI1G. 16.
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Attitude mechanics 1s divided into three components:
determination, prediction and control. Attitude determination
1s the process of computing the current orientation of the
spacecralt with respect to some specified nertial frame. Atti-
tude prediction 1s the process of computing the future attitude
ol the spacecrait based on 1ts current state and motion. Atti-
tude control 1s the process of applying torques to the space-
craft to reorient 1t 1nto some desired future state. The devices

mentioned in this patent deal primarily with the control aspect
of attitude mechanics.

For most modern spacecraft applications, three-axis con-
trol 1s required. This method of control allows mission plan-
ners to specily the ornientation of the spacecrait at all times
during the course of a mission. Missions that employ this type
of control include all communications satellites, the space
shuttle and earth-orbiting scientific satellites.

To function properly, three axis stabilized spacecraft
employ sensing devices that identify the spacecrait’s attitude
by determining two mutually perpendicular orientation vec-
tors. Some typical examples include two-axis sun sensors and
magnetic field sensors. Once the spacecrait’s attitude 1s deter-
mined, the mission profile determines the control require-
ments. Certain scientific satellites require extremely precise
attitude control (arc-seconds) for the purpose of data collec-
tion. Others, such as C-band television satellite, require less
precise control (arc-minutes). Since all satellites are subject
to disturbances, some method of maintaining proper orienta-
tion 1s required.

There are three primary means for controlling a satellites
attitude: gas jets, electromagnets and reaction wheels. Reac-
tion jets operate by expelling gas through an orifice to impart
a moment on the spacecrait. These devices can produce large
(but 1imprecise) torques, but since they expend fuel, there
on-station operating time 1s limited. Electromagnets operate
by creating magnet fields that interact with the magnetic field
of anearby body to produce a torque on the satellite. Although
these systems do not expend fuel, they only function near
bodies with large magnetic fields. Reaction wheels operate by
way of Newton’s third law by accelerating a wheel to absorb
torque that 1s applied to the satellite. If the applied distur-
bances are cyclic, these systems can operate indefinitely since
there 1s not net gain/loss of energy. For real-world systems,
reaction wheels typically operate 1n conjunction with gas jets,
which are used to bleed off excess momentum as the wheels
approach their operating condition boundaries. Reaction
wheels provide a very fine degree of attitude control.

Applications for Platform Stabilization

What differentiates space-based applications from other
applications 1s not the lack of gravity but rather the fact that
gravity 1s the same 1n all directions. Similar situations can
occur on the Earth: system with neutral buoyancy 1n a liqud
and systems that are fixed 1n the direction of gravity operate
under similar principals as space-based systems, see FI1G. 17.

For example, consider the case where a sensor platform 1s
to collect data from a lake over a period of time. If this
platform 1s required to maintain a particular attitude, a gyro-
scopic system can be used for stabilization. Similarly, a sen-
sor platform mounted on a research balloon may be required
to maintain two-axis attitude control for the duration of the
mission. Again, a gyroscopic system can be used to stabilize
the two rotational degrees of freedom of this system.

EXAMPLES

Two sets of experiments were carried out with the single
degree of freedom device. The first experiment was intended
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to validate Equation (119). A second experiment was
intended to demonstrate a control system for a three DOF
system.

To carry out these tests, a test stand was developed, as
shown 1n FIG. 18.

This test setup consists of the following components:

A turntable with an attached motor. The position of the
turntable 1s instrumented with an incremental encoder
attached directly to the turntable (not used 1n this experi-
ment). The position of the motor shait was not instru-
mented, however, its angular velocity 1s instrumented.
The motor employed 1s a Hathaway model 1500,
attached to the turntable by means of an adapter block.

A momentum wheel attached to the motor shait. This
momentum wheel 1s manufactured from a piece of stock,
2 inch diameter, cast 1iron shaft.

Themotor 1s attached to a CyberImpact® Intelligent Motor
Controller (IMC) system, a standard Cybernet product
and 1s used with all of our force feedback devices, which
provides an interface to a PC based controller that allows
for a wide range of motion commands to be pro-
grammed.

The IMC 1s attached to a PC. In this example, a simple,
previously developed interface to start and stop the
motor was employed. This interface presents the user
with an mput screen for directly controlling the motor
current. By setting the current to 1ts maximum allowable
value, the maximum obtainable torque 1s observed. By
setting the current to zero, the motor comes to a stop.

A torque measuring system consisting of a spring and a
camera. Applied torque was measured by the displace-
ment of a known spring and the time for this to happen by
counting video frames.

The position, velocity, and/or acceleration provided on a
user-interactable member 1s sensed and transmitted as a com-
mand to a computer model or simulation which implements a
virtual reality force field. In turn, the force field value for the
given position, velocity, and/or acceleration 1s sent back to the
member, which generates a force command, thereby provid
ing the user with direct kinesthetic feedback from the virtual
environment traversed. Although applicable to controlling a
virtual or simulated environment, the technology 1s also well
suited to the control of a remote or physical device. Further,
the present invention 1s suited for application to any number
ol axes.

The operation of the IMC system and PC interface will be
best understood by referring to commonly assigned U.S. Pat.
Nos. 5,389,865 and 5,459,382, and pending applications Ser.
Nos. 08/513,488 and 08/543,606, the contents of each of
which are incorporated herein 1n their entirety by reference.
These patents and co-pending applications describe systems
and methods for presenting forces to an operator of a remote
device or to a user 1teracting with a virtual environment 1n
multiple axes simultaneously mediated through a computer
controlled interface system which provides a position, veloc-
1ity, and/or acceleration (to be referred to generally as “force”)
to a user interface which, 1n turn, generates an electrical signal
for each of a plurality of degrees of freedom. These electrical
signals are fed to a virtual reality force field generator which
calculates force field values for a selected force field. These
torce field values are fed to the force signal generator which
generates a force signal for each of the plurality of degrees of
freedom of the user as a function of the generated force field.
These motion commands are fed back to actuators of the user
interface which provide force to the user interface and, thus,
to the user 1n contact with the interface device.
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Before discussing these applications in further detail, a
background will be provided with respect to mertial stabili-
zation as 1its relates to reaction wheels and space-based appli-
cations, as certain principles of spacecrailt platform stabiliza-
tion have, for the first time according to this invention, been
applied to spatially unrestricted terrestrial control.

Experimental Data for 1D Device Implementation

Since a known momentum wheel was used, the form of
Equation (29) 1s not quite right for this experiment. Instead,
this equation 1s rewritten as

mr°P (119)

272

I =

where the factor of two 1s used because a solid disk, not a
thin hoop, was used. The mass of the momentum wheel 1s
0.277 kg (measured) and the inertia of the motor rotor 1s
1gnored.

Using the motor electrical parameters and the electrical
characteristics of the IMC chassis, the maximum torque that
can be applied by the motor 1s known to be 0.18 Nm. Inserting
these values 1mto Equation (119) yields a time of 0.09 sec-
onds.

To measure the torque, a spring with a spring constant 110
N/m was attached to the adaptor block by way of a bolt, at a
distance of 0.050 m from the center of rotation. Since F=kx
and t=Fd, these terms can be related 1n the following manner

T (120)

Of course, the equations used are very primitive and do not
account for many ofthe real-world atfects. The atffects, which
are primarily frictive in nature, should tend to make the dis-
placement less than predicted and the time greater than pre-
dicted. The results of these experiments are shown in FIG. 19
and FIG. 20. The picture on the left shows the system just
before current 1s applied to the motor. The picture on the right
shows the system at maximum spring extension, which
occurred five video frames, at 30 frames per second, later. The
results show a displacement of 1.2 inches (0.030 m) and a
time of 0.16 seconds. Given the experimental setup, these
results are well within the range of experimental error, thus
giving credence to the model.

Experiments were also performed to control the position of
the turntable, 1 the face of disturbances, by controlling the
speed of the momentum wheel. The equations and methods
used to develop this control scheme were discussed previ-
ously. For this experiment, the same setup was used as for the
previous experiment with several small modifications:

The instrumented readings from the turntable and the

motor shaft were used by the controller.

The spring was removed from the experimental setup.

A control program was written that interfaces directly with

the IMC system.

Using MATLAB, which 1s a PC based mathematical tool
designed to aid engineers in the development of complex
mathematical systems, the controller and plant were simu-
lated. Since the amount of control input 1s not a particular
concern, optimal control parameters were selected to produce
a system that responds quickly. In the following experiments,
the values q,=q,=10 and R=1 were selected. To select an
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appropriate value for the disturbance rejection gain, a root
locus plot of the system, FIG. 21, was developed. From this
diagram, the gain of the system, which 1s selected to produce
fast response time, has value of approximately 1.33x107°.
Theresponse of the system of a unit step disturbance 1s shown
in FIG. 22 (plot generated from MatLab). These parameters
were then used 1n testing a real model of the system.

The control parameters determined using the optimal con-
trol techniques and the root-locus method were applied to the
system shown i FIG. 18 (without the spring). Since the
control equations require the moment of 1nertia of the plat-
form, CAD tools were used to calculate the moment of inertia
ol the motor, the adapter plate and the bolt. One item that was
not modeled 1n the simulation, or the calculations for deter-
mining control parameters, was the friction in the system.

In this particular device, there was a great deal of Coulomb
friction 1n the base bearing. The components mounted to the
base would not complete a single rotation before coming to a
halt after an 1nitial spin. This has the effect of adding insta-
bility to the system. In particular, what tends to happen 1s that
the system will stay at some point for some period of time
while the integrator error (the disturbance rejection) adds up.
At some point, there 1s suificient energy to overcome the static
tfriction, which 1s less than the dynamic friction. Once mov-
ing, the system will tend to overshoot the desired point and try
to compensate, but the same sequence of events occurs.

FIG. 23 shows actual data from an experiment to control
the physical device. Despite the friction problem, the results
from this test are as expected. The system does oscillate about
the control point, though 1t 1s quite noisy.

An experiment was also performed to determine 1f the
forces generated were noticeable by a human. To perform this
experiment, three motors with momentum wheels were
mounted onto the adapter block used 1n the previous experi-
ments.

The motors were spun up to a speed of 5000 RPM. Indi-
viduals were asked to handle the device and to make subjec-
tive evaluations of the torques felt as the device was moved
about. In all cases, the subjects reported feeling appreciable
forces that were deemed to be suflficient for carrying out
meaningiul tasks. A picture of the device 1s shown 1n FIG. 24.

The torques felt were generated because the control system
had been commanded to maintain the momentum wheels at a
constant angular velocity. By moving the device about, the
angular momentum vectors were changed, thus causing a
torque. The control system compensated for these motions by
adjusting the output to the motors. Since the motors were
already spinning at high speed, the period of time for which a
torque could be applied was far more limited than for the case
where the motor 1s mnitially at rest.

Having demonstrated that forces can be generated 1n any
direction, the final task 1s to control the motors 1n an appro-
priate manner so as to provide haptic feedback to the user.
This task requires a sophisticated control algorithm for two
reasons: first, the platform will be grossly displaced from 1its
nominal operating orientation, and second, for any motion of
the platform (for simplicity consider just rotations about the
world coordinate axes with which the device 1s mitially ori-
ented), some subset of the motors will produce torques (due to
changes 1n the orientation of the angular momentum vectors)
that are undesired. To counteract these undesired torques,
some subset of the motors will need to be accelerated to
produce counter torques. The control system must model the
tull, non-linear dynamics of the system, have a high speed
attitude sensor and possibly a control to smoothly generate
the prescribed forces. A block diagram of the system 1s shown

in FIG. 25.




US RE44,396 E

25

Applications

As discussed above, one family of applications for the
devices described above utilizes inputs recerved from a vir-
tual environment. For this type of application, the virtual
environment models some set of objects, and hand controller
or other force-reflection device produces forces that are rep-
resentative of some activity within the virtual environment.
Since 1t 1s not required that the forces produced correlate to
any specific activity, the only restriction placed on the com-
mands sent to the gyro-stabilized device 1s that the output
forces be within the range of forces that the device can pro-
duce. An alternative family of applications for these devices
produces forces 1 accordance with mputs recerved from a
(possibly remote) physical device. For this type of applica-
tion, the forces produced are typically a scaled representation
of the actual forces produced at some point on the actual
physical device. To provide the widest range of haptic input,
the scaling 1s typically designed such that the maximum force
that can be applied to the physical device 1s mapped 1nto the
maximum force that the haptic device can produce.

To the first order, the devices described are marginally
stable at best. To control these devices to produce desired
torque outputs 1n the face of mput disturbances, a two step
controller 1s preferably utilized. The first step stabilizes the
controller by doing a pole placement. The location of the
poles can be determined using any applicable method
although optimal control 1s preferred. The second step creates
a robust controller by canceling out disturbance inputs.
Robust control theory 1s applied for this task.

With specific regard to platform stabilization, the desired
input 1s typically a zero mput, 1.e., that the system should not
change state. For these applications, sensor are employed to
determine when the system changes state due to disturbances
and the controller acts to return the system to the zero state.

Unloading

The human operator who controls the haptic device 1s,
from the perspective of the momentum device, equivalent to
group. Although any amount of angular momentum can be
removed from the device when 1t 1s coupled to ground, since
this 1s a haptic device, the strategy 1s to slowly and continually
remove angular momentum so as to have as minimal affect on
the user as possible. In particular, the momentum sphere has
a maximum speed at which 1t can operate due to the materials
and construction techniques employed. When the sphere
approaches this maximum velocity, momentum must be
unloaded from the sphere for 1t to continue to function. To do
this requires the application of an external torque that waill
cause the angular momentum vector to be diminished. This
can be accomplished 1n three ways: reaction jets, magnetic
field torquers and/or spacecrait reorientation. The first two
methods work by applying a torque to the spacecrait that
diminished the angular momentum of the sphere. The third
method works 1f the following two conditions are met: the
disturbances to the spacecrait are primarily applied 1n the
same direction and the spacecraft can continue to operate at
different attitudes. It these conditions are met, the spacecratt
can be reoriented such that the disturbance torque act to
cancel the sphere’s angular momentum. It may also be fea-
sible to rigidly couple the platiorm to ground for a brief period
of time. While coupled to ground, any amount of angular
momentum can be removed from the stabilized platform.

5

10

15

20

25

30

35

40

45

50

55

60

65

26

What 1s claimed 1s:

[1. A spatially unrestricted force-feedback device, com-
prising:

a body;

gyroscopic means connected to the body to provide an

inertial reference to stabilize the body 1n at least one
spatial dimension;

a user-interactable member connected to the body; and

torce-feedback means coupled to the member, enabling a

user of the device to experience the feedback of forces
relative to the gyroscopically stabilized body.]

[2. The device of claim 1, wherein the user-interactable
member is a joystick.]

[3. The device of claim 1, wherein the user-interactable
member includes a handle.}

[4. The device of claim 1, wherein the user-interactable
member is a steering wheel. ]

[5. The device of claim 1, wherein the user-interactable
member is a device associated with the simulation of a sport.]

[6. The device of claim 1, further including:

a computer system modeling a virtual environment includ-

ing one or more virtual objects; and wherein

the user-interactable member 1s 1n electrical communica-

tion with the computer system to generate forces on the
member as a function of an activity mvolving an object
within the virtual environment.]

[7. The device of claim 1, wherein the gyroscopic means
includes a momentum wheel, and wherein a torque 1s pro-
duced on the member through accelerating and decelerating
the angular velocity of the wheel ]

[8. The device of claim 7, including three momentum
wheels to stabilize the body in three dimensions.]

[9. The device of claim 1, wherein the gyroscopic means
takes the form of a reaction sphere operative to produce
arbitrary reaction torques about three linearly independent
axes of the body.]

[10. The device of claim 1, further including an angular
position measuring device to determine the state of the body
in space.}

[11. The device of claim 10, wherein the angular position
measuring device is a potentiometet. ]

[12. The device of claim 10, wherein the angular position
measuring device as an encoder.]

[13. The device of claim 1, further including an angular
velocity measuring device to determine the state of the gyro-
scopic means.}

[14. The device of claim 13, wherein the angular velocity
measuring device is a tachometer.}

[15. The device of claim 13, wherein the state of the gyro-
scopic means 1s determined by numerically differentiating
the angular position of the body.]

[16. The device of claim 1, further including an active
control system to provide device stability.]

[17. A spatially unrestricted force-feedback device, com-
prising;:

a body;

an active control system to stabilize the body 1n space;

three rotatable reaction wheels coupled to the body;

means for determining the angular velocity of each wheel;
an angular position measuring device to determine the state
of the body in the space;

a user-interactable member connected to the body; and

torce-feedback means using the angular velocity and posi-

tion of the body as mputs to produce torque on the
member about three arbitrary axes through the coordi-
nated acceleration and deceleration of the angular veloc-
ity of each wheel.]
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[18. The device of claim 17, wherein the angular position
measuring device is an inertial measuring unit.]

[19. The device of claim 17, wherein the angular velocity
measuring device uses numerical differentiation to determine
the angular position of the body.] d

[20. A method of generating a spatially unrestricted haptic
environment, comprising the steps of:

providing a body 1n space having a user-interactable force-

feedback device;

geo-stabilizing the body 1n one or more dimensions;

simulating a virtual environment modeling one or more
virtual objects; and

interfacing the user-interactable force-feedback device to
the virtual environment, enabling the user to experience

a force representative ol an activity within the virtual
environment involving one or more of the objects.}
[21. The method of claim 20, further including the step of:
slowly and continually removing angular momentum from
the body so as to minimize the effect on a user.} 50
[22. The method of claim 20, further including the steps of:
receiving an mput disturbance on the body;
stabilizing the body through a pole placement, with the
location of the poles being determined through optimal
control theory; and
canceling out the disturbance mnputs to produce a desired
torque output immune to the input disturbance.]
[23. The method of claim 20, further including the step of:
receiving an external force generated through a remote
physical device; and 10
producing a scaled representation of the force received
relative to a point on the physical device.]
[24. The method of claim 23, wherein the scaled represen-
tation 1s such that the maximum force applicable to the physi-
cal device 1s mapped into the maximum force which the .
device is capable of producing.]
25. A spatially unrestvicted force-feedback device, com-
prising:
a first body;
a plurality of motors, each of said motors capable of ,,
imparting an inertial force about an associated axis of
rotation to change rvotational momentum of a spinning
body, each of said motors connected to said first body to
provide computer controllable tactile sensations on said
Jirst body about said associated axis, the tactile sensa- 4
tions provided by changing the votational momentum of

the spinning body to cause a torque to be applied to the
fivst body;
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a user-interactable member connected to said first body,
wherein said user-intevactable member is in communi-
cation with a host computer system modeling a simu-
lated envivonment including one or more simulated
objects, said host computer system commanding said
tactile sensations on said first body as a function of a
simulated activity involving at least one object within
said simulated environment; and

a computer mediated controller electrically connected to
said motors and in communication with said host com-
puter system, said controller veceiving signals from said
host computer system and simultaneously controlling
each of said motors in response such that said motors
produce said inertial forces about said axes, and said
controller sending data to said host computer system,
said data vesponsive to user manipulation of said user-
interactable member.

26. A spatially unvestricted force-feedback device as
described in claim 25, whevein said computer mediated con-
troller decodes commands received from said host computer
system.

27. A spatially unvestricted force-feedback device as
described in claim 235, whevein said computer mediated con-
troller decodes commands received on a sevial communica-
tion bus.

28. A spatially unvestricted force-feedback device as
described in claim 25, wherein said user-interactable mem-
ber is a joystick.

29. A spatially unvestricted force-feedback device as
described in claim 25, wherein said user-interactable mem-
ber is a steering wheel.

30. A spatially unvestricted force-feedback device as
described in claim 25, wherein said user-interactable mem-
ber is associated with the simulation of a sport.

31. A spatially unvestricted force-feedback device as
described in claim 235, whevein said computer mediated con-
troller includes a processor that runs motor control code
storved in Read-Only memory.

32. A spatially unvestricted force-feedback device as
described in claim 25, wherein at least a portion of said
computer controllable inertial forces stabilize said first body
in at least one spatial dimension to counteract undesived
torques produced by at least one of said motors.

33. A spatially unvestricted force-feedback device as
described in claim 25, wherein said computer controllable
inertial forces stabilize said first body in at least one spatial
dimension.
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