AlAA 04-22682

CONTROL OF SPACECRAFT
SIMULATORS USING IMMERSIVE
VIRTUAL ENVIRONMENTS

Michael A. Shoemaker

Virginia Polytechnic Institute and State University,
Blacksburg, VA 24061

The 2004 AIAA Region I-MA
Student Conference
April 16—-18, 2004/Blacksburg, VA

For permission to copy or republish, contact Michael A. Shoemaker mshoemak@vt.edu
Virginia Polytechnic Institute and State University, 215 Randolph Hall (0203), Blacksburg, VA 24061



CONTROL OF SPACECRAFT SIMULATORS

USING IMMERSIVE VIRTUAL
ENVIRONMENTS

Michael A. Shoemaker*
Virginia Polytechnic Institute and State University, Blacksburg, VA 24061

Tracking control laws are applied to spacecraft simulators to study the effect of im-
mersive virtual environments on the ability of a human operator to perform manual
attitude control tasks. The three degree of freedom (DOF) spacecraft simulator, located
in the Virginia Tech Space Systems Simulation Laboratory (SSSL), consists of a test-bed
mounted on a low friction, hemispherical air-bearing, allowing full rotational freedom
about one axis and constrained rotation about two axes. Actuation of the simulator is
achieved with three rigid, axisymmetric wheels controlled by axial torques and six cold-
gas thrusters. Solid-state rate gyros are used to estimate the attitude of the spacecraft
simulator. The human operator controls the simulation while viewing a visual interface
from within the Virginia Tech Cave Automatic Virtual Environment (VT-CAVE). The
operator uses the motion of a six DOF tracked input device to specify the torque level
to apply to a reference body, in this case an ideal rigid body making up the spacecraft
simulator. Modified Rodriquez Parameters (MRPs) are used to describe the attitude
kinematics. The nonlinear tracking control law computes the axial motor torques needed
to track the motion of the reference body with the spacecraft simulator, using the angular
velocity error and MRP error. The overall effectiveness of the system is evaluated and

recommendations given for future improvements.

Introduction

As space missions grow in scope and complexity,
spacecraft attitude control requirements become in-
creasingly important. The accuracy needed for typical
spacecraft attitude determination and control tasks is
often a fraction of a degree.! In addition, spacecraft
operating in orbit have constraints placed on their
available communications load, as well as time delays
due to the distance from Earth. These are some of the
reasons why unmanned spacecraft, such as communi-
cations satellites or interplanetary probes, are usually
automatically controlled by onboard computers.

Remote control of spacecraft using “tele-presence”
is one alternative to fully autonomous vehicles. Tele-
presence is “a form of electronically mediated presence
providing high-fidelity remote control by projecting
natural human capabilities to distant work sites”.?
Such systems usually employ a combination of visual
and haptic interfaces, such as stereo vision and force
feedback, to give the operator the sensation of being
present at a remote location.

The focus of this paper is the use of an immersive
virtual environment (VE) to allow a human operator
to overcome the usual drawbacks associated with man-
ual control of spacecraft attitude. The overall goal is
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to develop a system utilizing both the spacecraft sim-
ulators located in the Virginia Tech Space Systems
Simulation Laboratory (SSSL) and the Virginia Tech
Cave Automatic Virtual Environment (VT-CAVE).
This paper describes the groundwork currently being
developed, leading up to fully operational system with
which to test different control and visualization meth-
ods.

First, we present the results of a literature review
on innovative uses of visual displays related to space
missions and remotely operated vehicles, as well as
past studies on manual control input devices. Second,
we give an overview of the SSSL spacecraft simulators
and the VT-CAVE. Next, we describe a tracking con-
trol law that is being investigated for use in controlling
the attitude of one of the spacecraft simulators. Em-
phasis is given to the issues associated with translating
the human operator’s desired control input from the
CAVE into usable control variables related to this spe-
cific controller. We then describe computer simulation
results of the controller, and future implementations
on the hardware simulators.

Literature Review

Both visual displays and manual control methods
have been the topic of a number of papers, dealing with
varying fields such as robotics, undersea vehicles, and
space missions. Much of the past research has been
from a human factors perspective, with questions of
the form: given different display types or input meth-
ods, how well do human subjects perform a specified
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control task? The evaluation criteria are often psycho-
logical in nature, which can be difficult to extrapolate
to other systems. However, the following examples are
useful in placing this paper in context.

Visual Displays

As mentioned in the introduction, there is certainly
a strong case for the use of automatic spacecraft con-
trol in some missions. Conversely, some examples in
the literature where manual control is preferred in-
volve maneuvering a spacecraft in close relation to an-
other object in orbit, such as for docking, rendezvous,
rescue, and repair® While these tasks typically con-
cern manned spacecraft, the control issues could also
be applied to a tele-presence remote control system.
Difficulties arise during these so-called “proximity op-
erations” (PROX-OPS) due to the nature of orbital
mechanics; trajectories viewed between two moving
bodies result in counterintuitive motion with a lack
of stable reference points. Also, numerous burns are
required to complete a single task: departing, maneu-
vering, and braking. The operator must be aware of
various safety constraints: clearance from structures,
allowable approach velocities, fuel consumption, and
thruster plume impingement on sensitive equipment.*
Such issues would be of concern for attitude control as
well as orbit maneuver, especially in the case of immo-
bile thruster nozzles. PROX-OPS are usually planned
well in advance, but emergency situations might arise,
dictating the need for a human operator to take com-
mand.®

There are other examples besides spacecraft in orbit
where human operators need an increased understand-
ing of the environment in which a remote vehicle is op-
erating. One such case was the Telepresence-controlled
Remotely Operated underwater Vehicle (TROV).
This system consisted of an undersea vehicle piloted
remotely to explore the marine environment beneath
Antarctic ice. The motivation was to test future space
systems and their control interfaces in environments
and situations analogous to those which they might
encounter during operation. One method of remotely
controlling the TROV was accomplished with the Vir-
tual Reality Vehicle Interface (VEVI), in which an
operator located at NASA Ames Research Center in
California controlled the actual TROV from within
the graphical simulation (see Figure 1). The under-
sea terrain models in VEVI were generated using real
sensor data from the TROV, and the operator viewed
the simulation using either a Head-Mounted Display
(HMD) or a stereo monitor. The results gathered from
this system showed that the immersive VE allowed the
operator to achieve a level of spatial orientation and
understanding despite little or no foreknowledge of the
operating environment.

Another example of an unconventional display sys-
tem used to control space related hardware is the Mars

Fig. 1 Screenshot of virtual realty interface used
with the TROV underwater vehicle.®

Pathfinder mission.” The martian lander used a high
resolution narrow field of view stereo-camera called the
Imager for Mars Pathfinder to send images of the land-
ing site back to Earth. A 3-D terrain map was gener-
ated by comparing the stereo images, and the data feed
into a computer generated graphical environment. The
controllers could then navigate in this VE and specify
science targets or movement commands to the rover
(see Figure 2). Like the TROV, this system allowed
the controllers increased situational awareness despite
the extreme distances and unknown environment. An-
other noteworthy result was that even though the rover
was not directly controlled, the interface allowed high-
level commands to be issued to the rover with confi-
dence while the onboard autonomous control system
managed the low-level control tasks.

Fig. 2 Screenshot of virtual realty interface used
with Mars Pathfinder mission.”

As a final example, researchers at Caltech developed
an interactive trajectory planning tool to design orbits
for the Terrestrial Planet Finder mission.® This as-
tronomy mission called for transfer orbits from Earth
to the L2 Lagrange point, where a formation of 5 satel-
lites would enter a halo orbit and form an infrared
interferometer. In order to better visualize and design
these complex transfer orbits and satellite formations,
a semi-immersive VE was created for use on a Respon-
sive Workbench (see Figure 3). The designer views a
3-D representation of a region of low-energy transfer
orbits, and selects different orbits using a tracked input
device. Using this system allowed better understand-
ing of the complex geometry associated with both the
transfer orbit and the formation flying. Additionally,
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this tool was useful for conveying these unfamiliar or-
bits to others in industry.

Fig. 3 Screenshot of semi-immersive trajectory
planning tool.®

Control Input Methods

A recurring issue with manual spacecraft control
is the selection of a proper input variable. The Lu-
nar Module (LM) from the Apollo program, perhaps
the most well documented manually controlled space-
craft from the 1960s and 1970s, was used extensively
to study this problem. In one LM simulator system,
the pilot used the flight stick to command the angu-
lar rates of the craft in an open-loop control system,
where the deflection of the controller caused direct ac-
tuation of the attitude thrusters and a corresponding
angular acceleration.”

In a separate system to simulate the control of a
remote maneuvering craft for a satellite inspection
mission, comparisons were done between controlling
thrusters by issuing rate or acceleration commands
with a hand controller, after which it was found that
better performance was achieved through rate com-
mands.*°

Besides the type of control input, issues associated
with translating the input into thruster actuation are
often discussed in the literature. The fixed-base LM
simulator system mentioned above tested two differ-
ent methods: proportional thruster control and on-off
thruster control.” Under the proportional controller,
the thrust level was dependent on the error between
the actual and commanded thrust levels. The com-
manded thrust level was determined by the amount
of deflection in the flight stick, which was also evalu-
ated under different levels of deadband. For the on-off
controller, full thrust level was used at all times, result-
ing in overall fuel conservation but preventing delicate
small angle maneuvers.

A later system developed for the LM also used rate
commands, but did so using a combination of manual
and automatic pilot control.!! Namely, the descent
portion of the lunar landing mission was divided into

phases, with the autopilot controlling rate of descent
and attitude control at higher altitudes and the human
pilot controlling attitude and landing site selection at
the final stage before touchdown. The “manual” phase
was not entirely without computer assistance; the sys-
tem employed a combination of human and computer
control called “rate command/attitude hold.” Here,
the pilot issued rate commands with the flight stick to
control the attitude directly, but when the flight stick
was returned to the neutral position, the autopilot at-
tempted to hold the current attitude to prevent drift.
These improvements, which were practiced in simula-
tors and flight-tested on Apollo 9, resulted in less fuel
usage and better pilot ratings.

Lessons Learned

While these examples represent only some VE appli-
cations related to spacecraft control, they highlight im-
portant features and benefits. Clearly a well-designed
VE can aid the operator in understanding a poten-
tially complex control problem. Conversely, even a
stunning graphical interface is useless if the control in-
put method is difficult to use. Rather than use a purely
manual control system, we investigate the use use of
an automatic control system with direct human input.
Regardless of the specific application, “the most suc-
cessful visual interface will be the one that maximizes
the operators ability to apply his or her superior per-
ceptual and judgement abilities to the control problem
at hand.”'?

Spacecraft Simulators

The SSSL consists of two spacecraft simulators mak-
ing up the Distributed Spacecraft Attitude Control
System Simulator (DSACSS).13 These spacecraft sim-
ulators represent experimental test-beds with which to
develop and test spacecraft attitude determination and
control algorithms using hardware and software simi-
lar to that found on actual spacecraft. The presence of
two simulators is especially useful for modelling space-
craft formation flying and distributed control laws.

The two simulators, “Whorl-I” and “Whorl-II", are
shown in Figures 4 and 5, respectively. The main
component of each is a low-friction air-bearing man-
ufactured by Space Electronics, Inc. Whorl-I uses a
“tabletop” configuration, with a main plate attached
on top of a hemispherical air-bearing allowing full rota-
tional freedom about one axis and £5° rotation about
the two table axes. Whorl-II uses a “dumbbell” con-
figuration with two end plates, allowing full rotational
freedom about two axes and £30° rotation about the
transverse axis. The air-bearing pedestal base on each
prohibits any translational motion. The maximum
payload capacity of each is 300 1b.

Both simulators use mostly the same hardware and
software, but Whorl-I is chosen for the current study
because it is further along in development. Whorl-I
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Fig. 4 Photo of the SSSL Whorl-I spacecraft sim-
ulator, with reference frame annotated.

Power/Computing Panel

Fig. 5 Photo of the SSSL Whorl-II spacecraft
simulator highlighting different components.

is capable of using 3 momentum wheels, 6 cold-gas
thrusters, and a control moment gyro for attitude
control. The momentum wheels consist of custom-
made aluminum and steel flywheels attached to An-
imatics SM3430D SmartMotors. The thrusters are
Evolutionary Concepts 654-2207 solenoid valves, us-
ing compressed nitrogen. Attitude determination is
accomplished with 3 solid-state rate-gyros and 3 lin-
ear accelerometers housed in a Systron Donner Iner-
tial Division MotionPakII. Future implementations of
Whorl-I will include absolute attitude sensors as well.
Linear actuators with movable masses can be used to
balance the simulator and adjust the center of mass.
Whorl-1is equipped with a PC/104 form-factor com-
puter as the onboard flight computer. This computer
has a 32-bit, 133 MHz processor with 64 MB of RAM,
and a 288 MB “Disk-on-chip” architecture, thus avoid-
ing the spinning parts associated with typical hard
drives. Linux is used as the operating system, and
communicates through a 11 Mbps IEEE 802.11b wire-
less network, or W-LAN, with the other spacecraft
simulator and a desktop running Linux. Besides the
wireless network, the entire spacecraft simulator is

wireless, using rechargeable batteries as the power sup-
ply.

VT-CAVE

The VT-CAVE is part of the the University Vi-
sualization and Animation Group (UVAG),'* and is
one of a growing number of CAVEs across the coun-
try. The VT-CAVE consists of 3 back-projected walls
and a top-down projected floor, making up a partial
cube approximately 10 feet on each side. Each screen
uses an Electrohome Marquis 8000 projector to display
full-color (1024x768 stereo) images at 96 Hz. Around
the top of the CAVE are located a series of Intersense
brand ultrasonic transmitters that work with small re-
ceivers to detect the position of objects in the CAVE.
The objects currently capable of being tracked include
a “wand”, or 6-DOF input device, and a 6-DOF pair
of LCD shuttered glasses.

The immersive 3-D effect of the CAVE is created be-
cause the graphical images are displayed in stereo, or
“double-vision”. When the user stands in the CAVE
and wears the LCD glasses, the shutters flash at the
same rate as the stereo image, and each eye sees only
the correct image, thus producing the stereo effect.
Because the glasses are tracked, the user can move
anywhere within the 10 ft by 10 ft area and always
have the correct perspective. The fact that the CAVE
encloses such a large area compared to a standard
monitor allows large environments to be visualized, or
smaller objects to be manipulated and viewed from
any angle.

Figure 6 shows a screenshot of a 3-D model of
Whorl-I loaded into the CAVE. The current simula-
tion places the model of Whorl-I in the center of the
CAVE, with about the correct proportions as the ac-
tual Whorl-I spacecraft simulator. During the simula-
tion, the user stands next to this “virtual” Whorl-I and
uses the wand to issue input commands. The model
is animated using a “3-1-2” Euler angle sequence, or
heading-pitch-roll combination of rotations.!?

Figure 7 shows a screenshot of what a fully oper-
ational system might look like, showing the virtual
Whorl-I in orbit about the Earth. Such a system
would be useful for simulating PROX-OPS scenar-
ios, where the user takes advantage of the increased
spatial awareness and sense of immersion provided by
the CAVE. The present study is only considering the
attitude control of a single spacecraft in a simple en-
vironment.

System Model

We make some assumptions in order to apply space-
craft dynamics equations to Whorl-I, which is subject
to different dynamics on the surface of the Earth.
First, Whorl-I is modelled as a perfectly rigid body.
The main plate mounted on the air-bearing is suf-
ficiently rigid such that this will not lead to major
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Fig. 6 Screenshot of Whorl-I model loaded into
VT-CAVE graphical environment.

Fig. 7 Screenshot of sample orbital environment
with Whorl-I model, reference frames, and simpli-
fied Earth.

errors for the present study. We also neglect any
environmental forces that might act to perturb the
simulator motion, such as friction from the air-bearing,
laboratory air currents, and gravitational effects. Fric-
tion from the air-bearing is significantly low, and air
currents from the room are troublesome but can be
reduced to some extent.

Gravitational effects are neglected by assuming that
the center of mass, center of gravity (cg), and center
of rotation of Whorl-I are all coincident at the center
of the air-bearing. This constraint is the most difficult
to meet, since the simulator must be very carefully
balanced. The linear actuators will be capable of doing
this automatically once operational. Such a system
would be necessary for any robust controller to correct
for mass changes, especially while using the cold-gas
thrusters. In the present study, we assume that the
mass of Whorl-I remains constant, since any thruster
firings would be short in duration.

The remainder of the system model and control laws
are based on a nonlinear tracking controller found in
the literature.'® We let Whorl-I be a rigid spacecraft

B with N rigid, axisymmetric wheels. We take Fp
to be the body-fixed reference frame attached to B,
and specify the inertial frame Fx as having constant
orientation with respect to the lab. Note that this is
not a true inertial frame, but we can use it as such if
we neglect accelerations acting on Fp and Fy from
the rotation of the Earth.

We also define a reference spacecraft R, with iden-
tical mass properties as B. The controller is designed
such that Fp will asymptotically track Fg, the refer-
ence frame attached to R.

Dynamics

We define I as the moment of inertia of Whorl-I,
which includes the momentum wheels and thrusters.
The axial moments of inertia of the wheels are ex-
pressed as

I, = diag [I,1,- - -, Lsn] (1)

where I,;,72 = 1,2,--- , N denotes the axial moments
of inertia of the wheels.
The dynamics of this system are described as'®

hp =h}3J '(hg — Ah,) +g. (2)

1.la = 8a (3)

where hp is the angular momentum vector of the sys-
tem in Fp, defined as

hB = IwB + AISwS (4)

and h, is the V x 1 matrix containing the axial mo-
menta of the N-wheels. Also in these equations, g, is
the 3 x 1 matrix of the external torques generated by
the thrusters, and g, is the IV x 1 matrix of the torques
applied by the individual motors to the wheels. The
matrix A is a 3 x N matrix consisting of the axial unit
vectors of the wheels, and describes their orientation
in the system. The matrix J is defined as

J=1-AL,AT (5)

making J a positive definite matrix with “inertia-like”
units. The angular velocity vector of Fp can be ob-
tained from equations (4) and (5) as

wp =J"'(hg — Ah,) (6)

Lastly, the axial angular momenta of the wheels is
given by
h, = LATwp + Lw, (7)

where w; is the N x 1 vector containing the axial an-

gular velocities of the wheels with respect to the body.

Kinematics

For this control law, Modified Rodrigues Parame-
ters (MRPs) are used to represent the attitude of the
spacecraft. The MRPs are defined as

o = étan(P/4) (8)
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where € is the unit vector along the Euler axis, and ®
is the Euler angle. These components are sometimes
called the Euler principal axis and Euler principal ro-
tation angle. MRPs have a kinematic singularity at
® = 2m, which must be avoided. We can protect
against this singularity in the future by incorporating
other attitude representations, such as quaternions,
into our simulation. The current simulations will only
consider small rotations.

The kinematics differential equation using MRPs
can be written as'®

6 =G(o)w (9)
where

1+o070

G(o) = B 13> (10)

DN =

(Ig+0'>< +ool —

In equation (10), I5 is the 3 x 3 identity matrix.

These definitions for the kinematics are used to de-
scribe the orientation of both the body frame and the
reference frame. The equation for Fp, or the “actual
spacecraft” (Whorl-I), is

d’B = G(O’B)wB (1].)

and the equation for Fg, or the “virtual spacecraft”,
is
d‘R = G(O'R)UJR (12)
When speaking of the reference frame motion, some
dynamics must be generated in order to produce that
reference motion. Here, the virtual spacecraft is as-
sumed to have the same mass and momenta properties
as the actual spacecraft, with non-spinning momentum
wheels. Then, the reference motion dynamics are given
by )
hr =h3I 'hp +gr (13)

hR = IwR (14)

Thus, if the nominal control toque gg in equation (13)
is applied to the actual spacecraft with the same initial
conditions and non-spinning wheels, the actual space-
craft would follow the desired attitude motion.

Next, the tracking error of the angular velocity ex-
pressed in Fp is

bw =wp — CE(60)wr (15)

where CE(§0o) is the rotation matrix from Fr to Fp.
The term do, representing the kinematics error be-
tween these two frames, is defined by

CR(60) = CR(op)CN(or)" (16)

The differential equation for the error kinematics, sim-
ilar to the other differential equations (11) and (12),
is written as

56 = G(60)dw (17)

From the dynamic equation for the virtual body, equa-
tion (13), we know that

wr=T1"hiI 'hp+1 'gp (18)

and following a more thorough derivation in the liter-
ature,'® it can be shown that the error dynamics are
given as

Sh=h3J"'(hg — Ah,) + ...
it ge — Jwidw — JCE (dw)wr (19)

Equation (19) also makes use of a proof found in the
literature.'®

Controller

The controller described below is used to track the
reference motion of the virtual spacecraft with the ac-
tual spacecraft. The objective of the control law is to
asymptotically drive the tracking error terms do and
dw to zero. The controller makes use of the candidate
Liapunov function

1
V= 5(szK(sw +2ky In(1+d0%60)  (20)

which is positive definite and radially unbounded, with
K =K” >0, and ky > 0. Choosing K = J, and using
equations (19) and (11), the derivative of the candidate
Liapunov function can be written as

V =6wTh3J ' (hg — Ah,) +
+ ge — Jwjdw — JCE (o) I 'h I thy +
— JCE(60)I 'gr — Ag, + kodo] (21)

Thus, by selecting control torques g, and g, to satisfy
V < 0 whenever the tracking error is not zero, the
desired control can be achieved.

One controller that uses this approach deals with
combined thruster and reaction wheel control. The
thrusters on the virtual spacecraft are assumed to the
bang-bang type, and this thruster control directly de-
termines the thruster control on the actual spacecraft
with

g = 8R (22)
Meanwhile the reaction wheels on the actual space-
craft correct for any tracking errors that might exist
between the two trajectories. Thus, this reaction wheel
feedback controller is found by rewriting equation (21)
as

Ag, =hiI '(hp — Ah,) +gr — Jwiéw +
— JCB(s0) T 'hiT hy +
— JCE(§0)I 7 gR + k16w + kb0 (23)

which gives

V= —kdwléw <0 (24)

where k1 > 0. This control law, when used with the
error dynamics defined previously, can then be shown
to be asymptotically stable.!6
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Simulation

Two different implementations of the above control
law are currently under investigation. The first uses
the attitude of the wand to represent or. The sec-
ond uses the wand as a 3-DOF joystick, where the
rotation of the wand represents a desired application
of gr. Preliminary computer simulations have been
performed to evaluate each method before implemen-
tation on the spacecraft simulator hardware.

The first step in the current simulation procedure in-
volves recording the wand attitude while the operator
commands a hypothetical slew maneuver. This task
is done while viewing the graphical display shown in
Figure 6. Figure 8 shows a plot of a the wand data as
the operator slowly rotates the wand about the yaw
axis, with slight movement about the other two axes.
This data is then post-processed in Matlab.

Translating wand motion into reference attitude

The method using the wand attitude for oy requires
more data manipulation than would likely be feasible
for a real-time system, despite the fact that the control
of the virtual spacecraft is more intuitive. Namely, the
operator simply rotates the wand as they would the
virtual spacecraft, since the attitude of the wand is
feed directly to the graphical simulation to animate the
model of Whorl-I in the CAVE. The drawback is that
other variables besides o r are needed to calculate the
reaction wheel torques g, as is evident from equation
(23). The present data analysis procedure using this
method is

e Fit a high-order polynomial to the wand attitude
data curves. This allows a good estimate of O =
f(t) given the noisy nature of the data.

e Differentiate to obtain éR.
e Calculate og = f(t) from O = f(t).

e Calculate wr = f(t) from the relation wr =
S(0r)0r where

—692893 603 0
S(GR) = 802 0 1 (25)
602003 893 0

and the shorthand notation refers to cf; = cos9;
and s6; = sin 6;.

e Differentiate wr = f(t) to obtain wgr = f(¥).
e Calculate gr from Euler’s Law

SR :I(.;JR—FUJ;;IWR (26)

Knowing og, wg, and gr, we can numerically inte-
grate the equations of motion to simulate the operation
of the controller given the initial conditions. While
straight forward to describe, this method is difficult

to implement in a operational system. The raw wand
data is too noisy (see Figure 8) to numerically differen-
tiate, and the proposed method of polynomial fitting
is easy to perform during post-processing in Matlab,
but impractical during actual operation. A possible
solution would be to use more sophisticated filters or
smoothers, but this option is not considered in the
current study.

100¢

N b O ®
o o o o

Angle, deg

0 10 20 30 40

Time <

Fig. 8 Saved attitude data from wand.

Translating wand motion into reference torque

The second method is more practical to implement
in a working system, but the resulting reference space-
craft motion is less intuitive for the operator to an-
ticipate than the previous method. As the wand is
rotated, a finite torque is generated (see Figure 9).
This method is analogous to the actuation of a on-
off thruster using a flight stick, as was discussed in
the literature review. Whereas the visualization of the
reference motion in the graphical simulation requires
additional steps (since the attitude of the wand is no
longer directly driving the attitude of the graphical
model), this method is a more realistic option to im-
plement in an operational system.

The torque profile shown in Figure 9 was gener-
ated directly from the rotation of the wand from the
neutral position (i.e., 6 = 0). A constant torque
of 0.6 N-m was produced for 2 seconds, with a sign
determined by the direction of rotation of the wand.
This estimated torque value is an estimate of the ex-
ternal torque available to Whorl-I from the cold-gas
thrusters. Preliminary studies being conducted in the
SSSL on the thruster characterization were used to
generate this estimate. Note that we only produce a
torque about the y — axis of the simulator, since the
wand motion about the other two axes is small in this
case. The use of such a deadband prevents very small
wand movements from causing unexpected thruster fir-
ing.

The current analysis of this control method is per-
formed using computer simulation in Matlab. We let
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Fig. 9 On-off torque profile generated by wand

motion in second control method.

the state vector be
X = [ wr Op wp o Ah, ]T (27)
Equations (11),(12),(18),(23) and
wp =37 Jwjdw + ICRwr — k10w — kodo| (28)

the are then used as the state vector differential equa-
tions that define

: . . . . : T

X:[wR OoRr Wp Op Aha] (29)
which represents a coupled system of equations that
must be solved using a numerical integration algorithm
and given initial conditions. We use the “ode45” func-
tion in Matlab, which uses an explicit one-step Runge
Kutta medium-order method,!” to obtain numerical
solutions to the set of ordinary differential equations.

We specify the initial conditions

WRr = 0 r
OR — 0
X(t=0))=| wp=0+x (30)
op=0+y
Ah, =0
where
x=[005 05 —0.07 ] rad/s (31)
y=[01 —01 075 | (32)

represent arbitrary errors on the initial conditions be-
tween the reference and actual spacecraft. The mo-
ment of inertia I of the spacecraft is taken as an
estimate of Whorl-I’s mass properties. The computer
aided design (CAD) software AutoCAD 2002 Mechan-
ical Desktop is used to generate an estimate of the
mass properties of the spacecraft simulator given the
location and mass of each part

where we assume that the principal axes are aligned
with Fp. The values of the gains given in the reference
were obtained using a commercial software package to
computer optimal gains for given bang-bang maneu-
vers. Here we select arbitrary gains of k; = ko = 5 for
the time being, with the only criteria being that the
resulting motor torque commands (i.e., g,) are less
than the maximum available torques of the motors on
Whorl-1, which is approximately 4 N-m peak torque.
Lastly, the reaction wheels are arranged such that A
is simply the 3 x 3 identity matrix, and the I, of each
wheel is 0.075 kg-m?.

100¢

Angle, deg

-20 ‘ ‘ ‘ ‘
0 10 . 20 30 40
Time, s
Fig. 10 Predicted attitude (in Euler angles) of

reference and actual bodies under the current com-
puter simulation of the second control method.

0.6
0.5~ 1

0.4
g 03
=02

0.1

Fig. 11 Predicted attitude (in MRPs) of reference
and actual bodies under the current computer sim-
ulation of the second control method.

Figures 10 and 11 show the calculated attitude mo-
tion of the reference and actual bodies with time,
expressed in both MRPs and Euler angles. Figure
12 shows the corresponding angular velocity of these
frames. The affect of the on-off thruster firings is

58 0.0 0.0 clearly visible in these plots. We see periods of coast-
I=1| 00 81 0.0 kg—m2 (33) ing, especially for Fpg, corresponding to “off” thruster
0.0 0.0 127 conditions, and periods of acceleration during the “on”
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Fig. 12 Predicted angular velocity of reference and

actual bodies under the current computer simula-

tion of the second control method.
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Fig. 13 Plot of attitude error for computer simu-
lation of second control method.

conditions.

We see in Figures 13 and 14 that the attitude and
angular velocity error, respectively, rapidly approach
zero during the early portions of the trial. The ma-
jority of the error also appears to be attributed to
initial condition errors. In fact, if z amd y in equa-
tions (31) and (32) were zero, theoretically Fp would
track Fg perfectly.' The application of this controller
to the real Whorl-I would always have some errors, ei-
ther from initial condition uncertainties or errors in

thruster characterization, motor torque, mass proper-
ties, etc.

Lastly, we see that the motor torques did not exceed
the 4 N-m limit given the current gains. However, with
changes in g,, say from pressure loss in the nitrogen
tank after repeated use, the motor torque would even-
tually increase until all of the control authority was
supplied from the wheels. Further simulations should

be conducted to find proper levels for all of these val-
ues.
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Fig. 14 Plot of angular velocity error for computer
simulation of second control method.
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Fig. 15 Plot of axial torques applied to the reac-
tion wheels during computer simulation of second
control method.

CONCLUSION

We have identified the usefulness of a system
whereby a human operator can use a CAVE to effec-
tively stay “in-the-loop” of a spacecraft control system.
Virtual environments can aid in the sensation of tele-
presence, making the human a more integral part of
the system. We have described the potential for the
spacecraft simulators located in the SSSL and the VT-
CAVE to serve as effective test-beds for such a system.
Despite the fact that the current study requires further
work before being implemented on Whorl-I or Whorl-
II, we have identified a potential control law to test
the system. Computer simulations have shown that
the 6-DOF wand can serve as an effective input device,
with pros and cons to both methods of control. Using
the wand to represent the desired spacecraft reference
attitude allows for easy visualization of the resulting
motion, but correlating this input with the chosen con-
trol laws is ill suited for real-time systems and requires
more testing. Using the wand to represent the desired
external torque on the reference spacecraft is easier to
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implement, but has challenges with useability in the
virtual environment.
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